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Abstract 
 
 
Gaining an understanding of the spatial ecology of marine turtles is essential for elucidating aspects of 
their life history ecology and for effective conservation management. This thesis presents a collection of 
chapters seeking to investigate the spatial ecology of this taxon. An array of technologies and 
methodologies are employed to ask both ecological and spatial management questions. Work focuses on 
foraging and thermal ecology, spatial appropriateness of Marine Protected Areas, movement models to 
describe habitat utilisation, analysis of data from sightings and strandings schemes and the use of a large 
synoptic fisheries dataset to describe fisheries patterns and putative risks to marine megavertebrates. 
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Chapter I 
 
Prey landscapes help identify potential foraging habitats for leatherback turtles in the northeast Atlantic 
 
Figure 1. (a) Spatial and temporal distribution of reports of live leatherback turtles (1954 to 2003) on 
the European continental shelf. Dashed lines: 5th and 95th percentiles of this monthly spatial 
distribution; (o) records outside the defined range. Records between January and April are outside of 
the core seasonal distribution and represent 5 records in 50 years; the individual latitudes of these 
records are shown. Number of records for each month is shown above x-axis. (b) Sea surface 
temperature for records of leatherback turtles (alive n = 1514, dead n = 474). (c) Minimum curved 
carapace length, CCL observed at each degree of latitude from records with carapace measurements  
(n = 268). Solid line indicates regression (R2 = 0.4, F1,17 = 10.4, p < 0.001). 
 
Figure 2. Leatherback turtles and gelatinous organisms in the northeast Atlantic. Long-term monthly 
mean (1954–2003) gelatinous organism distribution with records of live leatherback turtles (empty 
circles) for May to October (1954–2003). n: number of records within each monthly image. White 
zones: CPR data deficient regions. Solid white lines: long-term monthly mean position of the 10 and 
12°C sea surface isotherms (Hadley ISST, 1954–2003). A: Rockall Bank. B: Porcupine Bank and 
Porcupine Bight. Dashed black lines: UK declared fishing zone and the Exclusive Economic Zone (EEZ) 
of Ireland (overlap of UK Fishing Zone and Irish EEZ is disputed territory). Grey coastal zone: territorial 
waters (12 nautical miles from coastal baseline). Proportion positive: proportion of CPR samples at each 
location positive for gelatinous organisms. 
 
Figure 3. Gelatinous organisms in the North Atlantic. Long-term seasonal mean (1954–2003) gelatinous 
organism distribution for (a) summer and (b) autumn. White zones: CPR data deficient regions. Solid 
white lines: long-term seasonal mean position of the 10 and 12°C sea surface isotherms (Hadley ISST, 
1954–2003). Boxes A and B describe leatherback turtle occupation zones recorded from satellite 
tracking by Ferraroli et al. (2004) (2 turtles), and Hays et al. (2004) (5 turtles) respectively, and 
circumscribe the minimum and maximum spatial extents of movement within the displayed images. Box 
C highlights a gelatinous prey ‘hotspot’ that could support foraging individuals during thermally 
accessible periods. Insets: frequency distributions of mean gelatinous organism relative abundance 
calculated from randomised block re-sampling (bootstrapping) using dimensions of box A (solid line) and 
box B (dotted line) for (a) summer and (b) autumn. Vertical lines: mean gelatinous organism relative 
abundance calculated for box A and B prior to the bootstrapping routine. 
 
Figure S1. Cumulative monthly CPR sampling locations 
 
Figure S2. Siphonophores mapped using abundance and proportion positive scales 
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Chapter II 
 
Satellite tracking highlights difficulties in the design of effective protected areas for leatherback turtles 
during the internesting period 
 
Figure 1. (a) Leatherback turtle nesting sites in Gabon (filled circles) including Mayumba National Park. 
Labels: (I) Equatorial Guinea territorial sea and exclusive economic zone, (II) Sao Tome & Principe 
economic zone, (III) Gabon territorial sea, contiguous zone and exclusive economic zone and (IV) 
Congo territorial sea. Hatched zone represents disputed region. Dashed line polygon depicts spatial 
extents of Figure 1b and c. Inset map shows the African continent, box (dashed line) indicates the spatial 
extents of Figure 1a. (b) Argos derived tracks of turtles A-E. Dotted black lines are bathymetric 
contours. Solid black arrows highlight dominant offshore ocean currents derived from absolute dynamic 
topography satellite altimetry data. (c) Habitat utilisation by tracked turtles using a single daily position 
taken at 12-midday for each turtle. Vertical inset colour scale indicates the number of occupation events 
per cell. Dotted black lines are bathymetric contours. 
 
Figure 2. Existing and recommended spatial zoning on the continental shelf of Gabon and the Republic of 
the Congo. Industrial trawlers can not operate in the existing Artisanal Fishery Zones (AFZ). In Gabon, 
the AFZ stretches from the coastline to 3 nautical miles, in the Republic of the Congo it reaches 6 
nautical miles. Artisanal fishing is permissible inside Conkouati-Douli National Park up to 6 nautical miles 
from the coast but only for villages within the Park. The recommended seasonal fisheries closure (SFC) 
should operate between September and March end each year for industrial trawl fisheries. No fishing is 
permissible inside Mayumba National Park. Mayumba National Park’s existing buffer zone (BZ) should 
act as seasonal closed zone (September to March end) for Artisanal Fishing; industrial trawlers should be 
excluded all year. 
 
Table 1. Summary table of leatherback turtle morphometrics and movement metrics for time at liberty. 
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Chapter III 
 
How much monitoring is needed for the worlds’ largest aggregation of nesting leatherback turtles? 
 
Figure 1. Coastal National Parks and Reserves of Gabon. Empty circles indicate aerial survey ground 
truthing regions. Labelled regions (Pongara, Iguela, Gamba and Bame) also contributed daily count data 
of leatherback turtle activities for the construction of seasonal nesting activity curves. Labels: Pongara 
National Park (PN), Wonga Wongue Reserve (WW), Loango National Park (LO), Sette Cama Reserve 
(SC), Ouangu Reserve (OU) and Mayumba National Park (MN). 
 
Figure 2. Ground truthing. Counts of leatherback turtle activities taken from spatially congruent ground 
patrols regions and aerial survey sectors. Solid line is linear regression (y = 1.097x +0.52, R2 = 0.99). 
Line of equivalence (dashed line). 
 
Figure 3. Proportion of total counts of leatherback turtle nests occurring in 10-km latitudinal bands 
derived from aerial surveying. (a-c) Surveys 1-3, 2002-2003, (d-f) Surveys 1-3, 2005-2006 and (g-i) 
Surveys 1-3, 2006-2007. Solid bars indicate those bands within National Parks and Reserves; hatched 
bars are those occurring outside of National Parks. 
 
Figure 4. Proportion of leatherback turtle nests occurring within Gabon Nationals Park and Reserves 
during early, mid and late aerial surveys for (a) 2002-2003, (b) 2005-2006 and (c) 2006-2007. Labels 
continued from Figure 1. 
 
Figure 5. 7-day smoothed nesting frequency distribution of leatherback turtle nesting activity. (a) 
Pongara 2006-2007, (b) Iguela 2006-2007, (c) Bame 2006-2007, (d) Gamba 2003-2004, (e) Gamba 2004-
2005, (f) Gamba 2005-2006, (g) Gamba 2006-2007. (h) Composite seasonal distribution of nesting 
activity derived from 2006-2007 data constructed from a-c and g, (i) Composite daily mean multi-year 
pattern of nesting activity from Gamba. Vertical grey bars indicate dates of aerial surveys, date range of 
early (E) and late (L) surveys are enclosed by dashed boxes. 
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Chapter IV 
 
Walking around the reef: inferring horizontal and vertical movements from time-depth recorders 
 
Figure 1. Regional geography of the northern Caribbean. (a) Map showing the location of the British 
Virgin Islands. (b) Local bathymetry around Anegada, British Virgin Islands. Areas of potential occupation 
are identified by contours drawn at the maximum recorded depth for turtles A, B, C, F and I (≤ 3 
metres), turtles D and E (≤ 6 m) and turtle H (≤ 23 m). (c) Inshore Anegada south reef. Empty and filled 
symbols represent the capture and recapture locations respectively of hawksbill turtles (A - I). Black 
dashed lines connect capture and recapture positions for each turtle. 
Figure 2. Depth utilisation behaviour of turtles B, D and H during a period of day (plots a-c, 08 to 12 
hrs) and night (plots d-f, 00 to 04 hrs). 
 
Figure 3. Mean 4-hourly coefficient of variation (solid line) for turtles A, D and H (plots a to c). Dashed 
line is mean ± 1SD. Periods of night, approximating to 18:00 to 06:00 hrs, are indicated by vertical 
hatched bars 
 
Figure 4. Tidally adjusted 30-minute maximum depth profiles for turtles D, E and H (plots a to c). 
 
Figure 5. Depth-constrained random walks (plots a to c) and derived patterns of potential habitat 
utilisation (plots d-f) for individuals D, E and H. Broken lines show depth contour demarcating deepest 
depth recorded for each turtle. Each random-walk plot shows 10 example walks with their respective 
end points (filled triangles). Release and recapture locations are shown by empty and filled circles. 
Broken line shows depth contour demarcating deepest depth recorded for each turtle. Potential habitat 
utilisation (plots d to f) is shown using a 100 m x 100 m grid derived from random-walk along-track 
interpolated locations (100 m intervals). Regions of greater intensity indicate areas that received a 
greater proportion of interpolated walk positions. Release and recapture locations are shown by empty 
and filled triangles. White empty cross in plots d to f indicate location of the greatest density of 
interpolated walk positions. 
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Chapter V 
 
Spatio-temporal patterns of juvenile marine turtle occurrence in waters of the European continental 
shelf  
 
Figure 1. Temporal incidence of records of loggerhead, Kemp’s ridley and leatherback turtles. Decadal 
distribution in the British Isles, 1910–2003: (a) loggerhead turtles n = 123, (b) Kemp’s ridley turtles n = 
28 and (c) leatherback turtles n = 650. Annual distribution in the British Isles (filled bars) and France 
(open bars) 1990–2003: (d) loggerhead turtles. British Isles n = 74 turtles and France n = 194. (e) 
Kemp’s ridley turtles. British Isles n = 6 and France n = 16. (f) leatherback turtles. British Isles n = 398 
and France n = 1018. 
 
Figure 2. Latitudinal distribution of sightings and strandings records for (a) loggerhead turtles and (b) 
Kemp’s ridley turtles. Pie chart size is proportional to the total number of records in each 1° latitudinal 
band. Number beside pie chart is the total number of records for that latitude. Filled and open sectors 
represent proportion of turtles recorded dead/alive respectively. Records for the British Isles (1910–
2003, filled triangles) and records for the French Atlantic coast (1990–2003 filled circles), 
Figure 3. Cumulative monthly frequency of sightings and stranding records, dead turtles (filled bars) and 
living turtles (open bars). British Isles 1910–2003: (a) loggerhead turtles, dead n = 35 and alive n = 81. (c) 
Kemp’s ridley turtles, dead n = 10 and alive n = 13. (e) leatherback turtles, dead n = 148 and alive n = 
414. France 1990–2003: (b) loggerhead turtles, dead n = 46 and alive n = 148 (d) Kemp’s ridley turtles, 
dead n = 2 and alive n = 14. (f) leatherback turtles, dead n = 288 and alive n = 730. 
 
Figure 4. Sea surface temperature (°C) for records of loggerhead and Kemp’s turtles in the British Isles 
(1910–2003) and France (1990–2003): (a) loggerhead turtles alive (open bar, n = 208) and dead (filled 
bar, n = 77), and (b) Kemp’s ridley turtles, alive (open bar, n = 27) and dead (filled bar, n = 10). Vertical 
dashed line indicates the temperature at which forced surfacing and floatation has been observed in each 
species (Schwartz 1978). Mean (±SD) monthly sea surface temperature profile from Hadley ISST dataset: 
(c) Britain Isles, 1910–2003, 49°N–60°N, 12°W–5°E and (d) France, 1990–2003, 43°N–49°N, 12°W–5°E. 
Horizontal dashed line is the thermal threshold reported to induce floatation (Schwartz 1978). 
 
Figure 5. Straight carapace length (SCL, cm) distribution from loggerhead and Kemp’s ridley turtles.  
(a) loggerhead turtles in the British Isles (1910–2003, filled bar, n = 57) and France (1990–2003, open 
bar, n = 161), (b) Kemp’s ridley turtles in the Britain Isles (1910–2003, filled bar, n = 25) and France 
(1990–2003, open bar, n = 15). 
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Figure 6. Plot of straight carapace length (SCL) versus weight of (a) loggerhead turtles (dead, filled 
triangles n = 125; alive, empty circles n = 100) and (b) Kemp’s ridley turtles (dead, filled triangle n = 1; 
open circles n = 13). Continuous line is the SCL versus weight relationship (r2 = 0.9) derived from 375 
loggerhead turtles from northwest USA coast (SCL range 42.3–98.9 cm, Braun–McNeill and Avens, 
unpublished data). Dashed line is the SCL versus weight relationship (r2 = 0.98) derived from 377 
Kemp’s ridley turtles  caught at sea from southwest USA Atlantic (Coyne 2000) (SCL range 19.6–65.8 
cm). 
 
Figure 7. Schematic of predominant ocean currents of the North Atlantic  
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Chapter VI 
 
A step towards seascape scale conservation: using VMS to map fishing activity 
 
Figure 1. (a) Mean annual spatial distribution of fisheries activity derived from VMS records using a 
simple speed filter. The colour scale indicates the mean annual number of VMS derived data points 
within 9 km2 pixels, solid line circumscribes the UK declared fishing zone, broken line is 200 m depth 
contour. Regional labels: Western Channel (WA), Goban Spur (GS), Rockall (RK) and Northern North 
Sea (NI). (b) Tonnes of fish (demersal and pelagic) landed by UK registered vessels from the shown ICES 
statistical reporting boxes. Total number of vessels registered at main UK fishing ports greater than 17 
metres in overall length (filled circles). All vessels for Northern Ireland have been mapped to Belfast.  
(c) Coefficient of variation of the mean annual distribution of fisheries activity, lighter colours indicate 
areas of greatest variability in space-use, darker areas indicate regions of consistent space-use on annual 
time-scales. (d) Coefficient of variation of the mean monthly distribution of fisheries activity, lighter 
colours indicate areas of greatest variability in space-use, darker areas indicate regions of consistent 
space-use on monthly time-scales. 
 
Figure S1. (a) Number of VMS records (x104) per year, (b) number of vessel identification numbers 
active each year (filled bars) and cumulative increase in vessel identification numbers appearing each year 
in the VMS dataset (empty bars), (c) frequency histogram of time elapsed (hours) between transmission 
of time adjacent records for all vessels in the 5 year VMS dataset, (d) frequency histogram of transmitted 
and derived speeds (filled and empty bars respectively) for 3,126,042 VMS records, and (e) frequency 
histogram of transmitted and derived headings (filled and empty bars respectively) for 3,126,042 VMS 
derived data points. 
 
Figure S2 - Table. Data handling/filtering process applied to the VMS dataset. 
 
Figure S3. Mean annual maps of fishing activity (vessels moving ≥ 3 and ≤ 10 km h-1) for the period 2000-
2004. Maps show the mean number of data points at each pixel, where darker colour indicates greater 
number of visits by vessels travelling at speeds most likely to indicate fisheries activity. 
 
Figure S4. Mean monthly maps of fishing activity (vessels moving ≥ 3 and ≤ 10 km h-1) for the period 
2000-2004. Maps show the mean number of data points at each pixel, where darker colour indicates 
greater number of visits by vessels travelling at speeds most likely to indicate fisheries activity. 
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Introduction 
 
  
This thesis represents a collection of chapters focused primarily on the spatial ecology of marine turtles. 
The subject matter of the chapters are diverse, yet they all adopt a spatial approach to investigate their 
respective topics. In doing so, they highlight the importance of taking a spatial perspective when 
analysing biological data. From a conservation biology perspective, gaining a greater understanding of the 
behaviour, movement, abundance and distribution of species with respect to the environment (space) 
they occupy will aid efforts to more adequately conserve species. In particular, for marine turtles, a 
greater understanding of their spatial ecology will aid both our understanding of their life history ecology 
and also help to limit deleterious impacts in neritic and pelagic environments. 
 
The first chapter presents an analysis of the spatial distribution of leatherback turtles (Dermochelys 
coriacea) with respect to their thermal and foraging ecology in the boreal summer of the northeast 
Atlantic (Witt et al. 2007a). This chapter utilises data from an extensive UK-based sightings scheme, 
integrated with gelatinous plankton data, sea surface temperature data and previously published satellite 
derived tracks of leatherbacks turtles moving through the northeast Atlantic (Ferraroli et al. 2004; Hays 
et al. 2004). Data are integrated and used to investigate the spatial and temporal interactions of 
leatherback turtles with their environments. Contextualising marine megavertebrate distribution is 
commonly restricted to the use of satellite derived products of chlorophyll-a (Hawkes et al. 2006; 
Pinaud and Weimerskirch 2005). This product, found within phytoplankton, is several trophic levels 
distant from the gelatinous prey sought by leatherbacks. This chapter therefore advances our ability to 
contextualise the distribution of leatherback turtles with respect to the trophic layer upon which they 
feed. By subsequently integrating information on sea surface temperature and a coarse understanding of 
leatherback turtle thermal tolerances I demonstrate the dynamic nature of the ocean seascape in 
structuring the distribution of leatherback turtles. The presented approach has utility for studying the 
foraging ecology of other large marine zooplanktivores, including the Sunfish (Mola mola). 
 
Chapter two focuses on the use of satellite telemetry to investigate the effectives of Mayumba National 
Park, a Marine Protected Area (MPA) in Gabon (Equatorial West Africa) (Witt et al. In Press). Patterns 
of movement made by female leatherback turtles during their breeding and nesting seasons in this region 
suggests Mayumba National Park confers spatial protection for a only a limited period of each 
internesting interval. Post-hoc assessments of MPA performance are currently limited in the marine 
literature. For highly-migratory species, such as the leatherback turtle, real-time tracking of movements 
while within an MPA allows for rapid assessment of the utility of the protective area. This chapter 
demonstrates how biological data can be used to aid conservation management planning in both a 
reactive and proactive manner. This chapter recommends an increase in the size of the MPA through 
the use of seasonal closures and gear-restrictions. Furthermore a spatial solution is presented that could 
be implemented to increase protection from trawling operations that represent considerable risk to this 
species during the internesting period (Sounguet et al. In Press; Verhage et al. 2006). 
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The third chapter on leatherback turtles assess the magnitude of annual nesting effort made along the 
coast of Gabon taken from aerial surveying data. For leatherback turtles in the South Atlantic, Gabon 
represents the main focal point of nesting (Fretey et al. 2007). Given several decades of research into 
marine turtles, estimates of total nesting effort and the subsequent derivation of population sizes are 
either absent or are subject to the use of limited longitudinal datasets. This chapter makes a significant 
contribution to our understanding of the size of the South Atlantic leatherback turtle population. The 
chapter demonstrates that the Gabon nesting aggregation is the largest in the world. Further, the 
chapter explains the importance of Gabon’s National Parks and Reserves for the spatial protection they 
confer to critical nesting grounds and to females during the nesting process. Mayumba National Park, an 
MPA in the south of Gabon, is identified as a critical area receiving the highest densities of nesting along 
the West African coast. An attempt is made to investigate the statistical power to detect changing 
population size, but interannual variation in nesting effort and the currently limited dataset indicate 
further surveying is required before statistically robust trends can be detected.  
 
Chapter four focuses on the spatial distribution of hard-shell turtle sighting and strandings in the waters 
of the European continental shelf (Witt et al. 2007b). This chapter primarily focuses on the occurrence 
of juvenile stages of the loggerhead (Caretta caretta) and Kemp’s ridley (Lepidochelys kempii) turtle along 
the coast of the United Kingdom, Ireland and France. A temporal analysis of sightings and strandings 
records was conducted at seasonal, annual and decadal scales. Interpretation of long-term changes in the 
number of sightings and strandings suggest changes in population structure of juvenile cohorts, 
potentially linked to changes in hatchling output, can be identified in waters distant from their beaches of 
origin. Spatial analysis of this large dataset suggests the importance of dominant oceanographic currents 
operating in the northeast Atlantic.  
 
The fifth chapter presents a geolocation technique that was developed to aid an understanding of the 
fine scale spatial distribution of juvenile hawksbill turtles (Eretomochelys imbricata) in a shallow water 
Caribbean reef system. The approach utilises information gathered from time-depth recorders (TDRs), a 
depth-restricted random walk movement model, tidal loggers and a digital elevation model to help 
describe regions most likely occupied during periods of time at liberty. The tracking of juvenile marine 
turtles using conventional tracking methods, such as satellite telemetry, is complicated by the size of 
such equipment and the accuracy of positional estimates available. This chapter offers a conceptually 
simple approach to determining the likely position of TDR instrumented individuals. The presented 
approach has utility for other species occupying topographical rugous reef habitats, in particular 
crustaceans and molluscs, demersal fish and may have utility for studies in invasion biology, with respect 
to describing starfish and holothoridae movement. 
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Chapter six investigates how a large synoptic dataset on fishing vessel movements might be used in a 
conservation management perspective (Witt and Godley 2007). This chapter analyses satellite tracking 
data of large UK-registered fishing vessels and describes their spatial and temporal patterns of habitat 
utilisation. The chapter provides a substantial advance in our understanding of patterns of fisheries effort 
in the UK. In addition, the chapter discusses how such data might be used in marine spatial planning, that 
seeks to mitigate impact on non-target species and habitats while ensuring sustainable persistence of 
commercial fisheries. 
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Chapter I: Prey landscapes help identify potential foraging habitats for leatherback turtles in the 
northeast Atlantic 
 
Matthew J. WITT, Annette C. BRODERICK, David J. JOHNS, Corinne MARTIN, Rod PENROSE, 
Marinus S. HOOGMOED and Brendan J. GODLEY 
 
In this chapter I present an analysis of the patterns of leatherback turtle sightings in the northeast 
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data on the movements of leatherbacks tracked from their Caribbean nesting habitats. Data analysis and 
chapter preparation was supervised by Dr B. Godley and Dr A. Broderick. R. Penrose provided data on 
leatherback turtle sightings and strandings in the UK. Dr M. Hoogmoed and Dr C. Martin provided data 
on leatherback turtle sightings and strandings along the continental European coastline. Dr D. Johns 
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NGOUESSONO, Richard J. PARNELL, Guy-Philippe SOUNGUET and Brendan J. GODLEY 
 
This chapter presents data on the movement of female leatherback turtles during the internesting 
period. The chapter was written by me under the supervision of Dr B. Godley, Dr A. Broderick and Dr 
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GIBUDI, Solange NGOUESSONO, Richard J. PARNELL, Dominique ROUMET, Bas VERHAGE, Alex 
ZOGO and Brendan J. GODLEY 
 
This chapter describes the seasonal patterns of nesting by female leatherback turtles on the coast of 
Gabon (Equatorial West Africa) taken from aerial surveying and daily beach monitoring. The chapter 
was written under the supervision of Dr B. Godley and Dr A. Broderick. The existence and continuance 
of the aerial surveys is due to the collaborative nature in which non-governmental organisations (NGOs), 
working towards the conservation of sea turtles, operate. All of the authors of this chapter have either 
directly participated in data collection, ensured people have been available or have provided daily beach 
count data to validate the findings of aerial surveys. Bruno Baert provides logistical support on behalf of 
the Wildlife Conservation Society (WCS) and assists in operating and analysing aerial survey data. Dr A. 
Formia coordinates the efforts of the Gabon Turtle Partnership (GTP); she is responsible for managing 
the funding source for the aerial surveys and coordinating efforts to ensure their continuance. S. 
Ngouessono is the director of Mayumba National Park and is the Gabon government’s focal point of 
contact for issues regarding to marine turtles. Dr R. Parnell provides logistical support for the aerial 
surveys and formulated the surveying methodology; he is the WCS Technical Director for Mayumba 
National Park. B. Verhage is the World Wildlife Fund (WWF) Technical Director at the Gamba 
Complex of Protected Areas and provided funding for the analysis of the aerial surveying data. 
 
 
 
Chapter IV: Walking around the reef: inferring horizontal and vertical movements from time-depth 
recorders 
 
Matthew J. WITT, Andy McGOWAN, Janice M. BLUMENTHAL, Annette C. BRODERICK, Shannon 
GORE, Damon WHEATLEY, James WHITE and Brendan J. GODLEY 
 
This chapter focuses on the development of an inferential geolocation technique that utilises vertical 
habitat utilisation data integrated with a movement and digital terrain model. I assisted in the collection 
of dive data from hawksbill turtles with Dr A. McGowan, S. Gore, D. Wheatley and J White. I wrote the 
chapter and undertook the data analysis under the supervision of Dr B. Godley and Dr A. Broderick. 
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Chapter V: Spatio-temporal patterns of juvenile marine turtle occurrence in waters of the European 
continental shelf 
 
Matthew J. WITT, Rod PENROSE and Brendan J. GODLEY 
 
This chapter analyses patterns of juvenile hard-shell turtle sightings and strandings occurring on Atlantic 
facing coasts of Europe. I undertook the data analysis and wrote this work under the guidance of my 
PhD supervisor Dr B. Godley. R. Penrose administrates the TURTLE database from which sightings and 
strandings of hard-shell and leatherback turtles for the UK were obtained. This chapter was published in 
Marine Biology in 2007. 
 
 
 
Chapter VI: A step towards seascape scale conservation: using VMS to map fishing activity 
 
Matthew J. WITT and Brendan J. GODLEY 
 
This is a piece of co-authored work that looks at patterns of fisheries activity taken from the United 
Kingdom Vessel Monitoring System. We obtained the data from DEFRA, undertook the data analysis 
and co-wrote the manuscript. This chapter was published in the online open access journal PLoS ONE 
in 2007.
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Abstract 
 
Identifying key marine megavertebrate habitats has become ever more important as concern increases 
regarding global fisheries bycatch and accelerated climate change. This process will be aided by a greater 
understanding of the patterns and processes determining the spatio-temporal distribution of species of 
conservation concern. We identify probable foraging grounds for leatherback turtles in the northeast 
Atlantic using monthly landscapes of gelatinous organism distribution constructed from Continuous 
Plankton Recorder Survey data. Using sightings data (n = 2013 records, 1954 to 2003) from 9 countries 
(UK, Ireland, France, Belgium, The Netherlands, Denmark, Germany, Norway and Sweden) we show sea 
surface temperatures of approximately 10 to 12°C most likely indicate the lower thermal threshold for 
accessible habitats during seasonal foraging migrations to high latitudes. Integrating maps of gelatinous 
plankton as a possible indicator of prey distribution with thermal tolerance parameters demonstrates 
the dynamic nature of northeast Atlantic foraging habitats. We highlight the importance of body size 
related thermal constraints in structuring leatherback foraging populations and demonstrate a latitudinal 
gradient in body size (Bergmann’s rule) where smaller animals are excluded from higher latitude foraging 
areas. We highlight the marine area of the European continental shelf edge as being both thermally 
accessible and prey rich, and therefore potentially supporting appreciable densities of foraging 
leatherbacks, with some suitable areas not yet extensively surveyed. 
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Introduction 
 
Identifying marine predator foraging habitats requires an understanding of the spatial and temporal 
interactions of the species-specific thermal niche and coincident prey availability. Movement studies 
using electronic tagging have offered significant insights into the selected habitats of fish (Block et al. 
2005; Sims et al. 2003), reptiles (Eckert 2006; James et al. 2005b) and birds (Croxall et al. 2005). 
Assessing predator distribution with respect to the attributes of the encountered environment (e.g. 
water temperature and prey distribution) should assist in making predictions on the location of 
important habitats and aid an understanding of why particular habitats are chosen over others (Sims et 
al. 2006). On fine spatial scales, advances have been made in enumerating prey, including jellyfish 
(Brierley et al. 2005) and copepod abundance (Baumgartner et al. 2003). At the scale of ocean basins, 
data on prey distribution remains limited and analyses of large-scale movements of marine predators 
with respect to their prey has mostly been restricted to the use of satellite-derived chlorophyll a 
(Hawkes et al. 2006; Pinaud and Weimerskirch 2005). For large planktivores, such as the basking shark 
(Cetorhinus maximus), spatial and temporal prey distributions have been constructed using landscapes of 
calanoid copepods as gathered by the Continuous Plankton Recorder (CPR) Survey (Sims et al. 2006).  
 
Leatherback turtles (Dermochelys coriacea) exhibit the widest spatial distribution of any reptile, moving 
through equatorial, tropical and temperate waters. The seasonal presence of leatherback turtles in mid-
latitude North Atlantic habitats has been previously recorded (Bleakney 1965; Brongersma 1972; 
Godley et al. 1998). More recently migratory movements into mid-latitude habitats have been 
demonstrated with satellite tracking (Eckert 2006; Ferraroli et al. 2004; Hochscheid et al. 2005; James et 
al. 2005b). The occurrence of leatherback turtles in habitats with sea temperatures that induce lethargy 
and floatation in hard-shelled species (Davenport 1997; Schwartz 1978) supports the premise that 
leatherbacks have an endothermic capacity, thus able to remain active in cool prey-rich waters 
(Davenport 1998; McMahon and Hays 2006). Female leatherbacks foraging in northwest Atlantic waters 
(15 to 16.7°C) have been shown to support core body temperatures 8.2 ± 2.4°C (mean ± SD) above 
ambient sea temperature (James and Mrosovsky 2004). This endothermy is thought to be achieved 
through their considerable body mass, termed gigantothermy (Paladino et al. 1990), and physiological 
adaptations including counter-current vasculature in the flippers (Greer et al. 1973), insulating 
subcutaneous lipid layers (Davenport et al. 1990; Frair et al. 1972) and variable lipid composition and 
distribution. The independence of leatherback muscle metabolism to temperatures between 5 and 38°C 
(Penick et al. 1998) may also favour prolonged occupation of mid-latitude habitats. Leatherback turtles 
primarily feed on gelatinous organisms such as coelenterates (class Scyphozoa), including Aurelia, 
Chrysaora, Cyanea and Rhizostoma (Bleakney 1965; Brongersma 1972; Davenport 1998). Pelagic tunicates 
(Thaliacea) such as pyrosomas and salps (Balazs 1999) and other coelenterates (class Siphonophora) 
have also been identified as dietary items (DenHartog and VanNierop 1984).  
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The presence of gelatinous organisms (i.e. coelenterates, siphonophores and thaliaceans) in the Central 
North Atlantic and North Sea has been recorded by the CPR Survey for more than 50 years 
(Richardson et al. 2006). CPR data have been used to investigate a wide range of biological phenomena, 
including plankton assemblages (Beaugrand et al. 2002), phenology (Edwards and Richardson 2004), 
foraging ecology (Sims et al. 2006) and invasive species monitoring (Johns et al. 2005). Here we analyse 
records of sightings, strandings and captures of leatherback turtles and investigate the seasonality and 
thermal ecology of this species in the northeast Atlantic with respect to a novel landscape of gelatinous 
organism distribution constructed from the CPR Survey. Augmenting coastal observation data with 
published satellite telemetry studies enables patterns of leatherback distribution in both the neritic and 
pelagic realms to be considered. 
22 
Methods 
 
Sightings, strandings and captures 
 
Records of sightings, strandings and captures of leatherback turtles occurring in UK waters (1954 to 
2003, n = 457) were taken from the TURTLE database (available at: www.strandings.com/wales.html), a 
repository of marine turtle records operated by Marine Environmental Monitoring. Records of 
leatherback turtles occurring in French Atlantic waters (1979 to 2003, n = 1176) were obtained from 
published literature (Duguy 1986a, b, 1988a, b, 1989, 1990, 1992, 1993, 1994, 1995, 1996, 2004; Duguy 
and Duron 1982, 1983, 1985; Duguy et al. 1980; Duguy et al. 1997a, 1999, 2000, 2001, 2002, 2003; 
Duguy et al. 1997b). Records for France prior to 1971 (n = 15) were obtained from (Brongersma 1972). 
Records from the TURTLE database for Ireland (1957 to 2003, n = 343 in total) were supplemented by 
data from G. King (pers. comm.). Records taken from G. King for the period 1972 to 1999 (n = 260) 
were accompanied by geographic descriptions. These descriptions were identified on marine navigation 
charts and assigned coordinates (longitude, latitude) with a 30 km spatial resolution. Records of 
leatherback turtles occurring on the coasts of Belgium, The Netherlands, Denmark, Germany, Norway 
and Sweden were collected by M. Hoogmoed (n = 19) and taken from (Brongersma 1972) (n = 3). Data 
were subject to rigorous scrutiny and filtering. Records including multiple individuals were entered into 
the database as a single record, as were those occurring on the same day in close geographic proximity 
(< 30 km). Records that did not describe the status of the turtle (i.e. dead or alive) were discarded. 
Records providing only an approximate month or season of sighting were also excluded. Data including 
approximations of body size and one record of unrealistic large body size were withheld from statistical 
analysis involving morphometric data. Tail length is an insufficient indicator of sex for juvenile 
leatherback turtles less than100 cm straight carapace length (SCL); therefore, sexing information within 
records of less than this size was removed. 
 
 
Sea surface temperature 
 
Sea surface temperature was determined for records of leatherback turtles from the monthly 1° spatial 
resolution Hadley Ice and Sea Surface Temperature dataset (Rayner et al. 2003). Sea surface 
temperature for each record was taken to be the value of the pixel encompassing the geographic 
coordinates for the year and month of each record. 
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Gelatinous organism distribution fields  
 
Gelatinous organism distribution fields were prepared from plankton data collected by the Continuous 
Plankton Recorder (CPR) survey operated by the Sir Alister Hardy Foundation for Ocean Science 
(SAHFOS); see (Richardson et al. 2006) for a description of equipment and techniques. Monthly 
distribution fields were constructed from 50 yr of data (1954 to 2003) and represent the near-surface 
distribution (<9 m depth) of coelenterates (CPR code 451), siphonophores (CPR code 452) and 
Thaliacea (Salpidae and Doliolidae, CPR code 469); see Figure S1 for cumulative monthly sampling 
locations. The numerical abundance of siphonophores and Thaliacea per sample was counted, whereas 
for coelenterate tissue only presence was recorded due to these organisms being heavily damaged 
during sampling. To integrate these groups and their differing enumeration types we formed a binary 
response (present or absent) for gelatinous zooplankton for each CPR sample. A CPR sample was 
considered present for gelatinous organisms when any one or more of the categories had a positive 
count or was recorded as ‘present’. CPR data was then partitioned into months. Inverse distance-
squared interpolation (Beaugrand et al. 2003) was used to form spatial grids (50 km spatial resolution) of 
gelatinous organism distribution from these monthly subsets. A moving search window (150 km radius) 
was used at each grid intersection to select appropriate CPR records for interpolation. This procedure 
weighted each CPR sample based on its distance from the search window origin; samples nearer the 
origin had greater influence on the interpolation result than those further from the origin (Fortin and 
Dale 2005). The interpolation procedure produced a final result that represented the proportion of 
records positive for gelatinous organisms within the search radius. When the search window failed to 
identify CPR records for interpolation the grid intersection was identified as data deficient. In contrast, 
when the interpolation procedure identified CPR samples and calculated an overall absence of gelatinous 
organisms the grid intersection was assigned as absent for gelatinous organisms. A 2-dimensional median 
filtering routine (3 × 3 pixel window) was applied to each month to smooth noisy pixels while 
maintaining dominant spatial patterns. Contouring procedures were then used to display monthly data. 
CPR data are recorded during both day and night; as such, the gelatinous organism distribution fields 
represent an integrated signal of plankton that undergo diel vertical migration (Hays 2003). To ascertain 
the possible effects and biases introduced from the use of presence mapping we compared the seasonal 
long-term mean distribution and abundance patterns of siphonophores (CPR code 452) (1954 to 2003) 
using both abundance and presence scales; see Figure S2 for images. A visual comparison of this imagery 
demonstrates the validity of relative abundance derived from presence data to portray information on 
the differences in patterns of abundance among and within seasons. 
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Results 
 
Dataset summary 
 
For the period 1954 to 2003, 1455 sightings, 411 strandings and 147 captures were identified within the 
spatial area 43-70°N, 15° W-21°E. Of these records (n = 2013), 1530 were of leatherback turtles 
recorded alive (76% of all records) and 483 recorded dead (24% of all records). Sex was determined 
from 224 records. Near equal numbers of males (n = 112, 46%) and females (n = 122, 54%) were 
recorded. 
 
 
Spatial distribution and temperature 
 
The distribution of records of living leatherback turtles (sightings n = 1420, strandings n = 10, captures  
n = 100) displayed a latitudinally broadening pattern from late spring to early autumn (May to October; 
Figure 1a). During the winter and spring the number and spatial distribution of records contracted. Sea 
surface temperature (SST) was determined for 1984 (99%) turtle records (Figure 1b). SST could not be 
reliably determined for 29 records due to the low resolution of their geographic coordinates. Minimum 
and maximum SST obtained were 4.7 and 22.0°C respectively. SST estimated for records of living  
(n = 1512) and dead (n = 472) turtles differed significantly (Figure 1b, Wilcoxon ranksum test, ranksum 
= 305 364, p < 0.001, alive median 18.6°C, dead median 15.1°C). When considering only records of 
living leatherback turtles (Figure 1b, open bars), very few records have mean monthly SSTs less than 
12°C and only in exceptional cases do records have SSTs below 10°C. We propose that surface water 
temperatures of approximately 10 to 12°C are indicative of the lower thermal threshold to prolonged 
seasonal occupation (weeks to months). 
 
 
Body size 
 
Measurements of curved and/or straight carapace length, CCL and SCL respectively, were obtained 
from 268 records. CCL was calculated for records containing only SCL (n = 30) using the relationship  
(y = 1.0352x + 1.9365, R2 = 0.94, F1,9 = 126.7, p < 0.001) derived from 10 records containing both 
measures. Six of these records were collected during post-mortem in the UK. CCL ranged between 76 
and 208 cm (n = 268, mean ± SD 144 ± 18.2 cm). Minimum CCL increased with increasing latitude 
(Figure 1c, R2 = 0.4, F1,17 = 10.4, P = 0.005). Length for males (n = 87, mean ± SD 150 ± 17 cm) and 
females (n = 94, mean ± SD 145 ± 15 cm) were not statistically different (Wilcoxon rank sum test, rank 
sum = 8524, p > 0.05). 
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Gelatinous organism distribution inferred from CPR data for the northeast Atlantic 
 
Figure 2 shows the spatial and temporal distribution of live leatherback turtles occurring between May 
and October (1954 to 2003) upon monthly long-term mean gelatinous organism distribution (1954 to 
2003) and monthly long-term mean position of sea surface temperature isotherms (10°C and 12°C) for 
the same period. Records of leatherback turtles predominantly occur on coasts facing the northeast 
Atlantic. In late spring and early summer (June and July) there is a pulse of gelatinous organisms along 
the continental shelf break and in the area of the Rockall Bank. In late summer and early autumn (August 
to September) gelatinous organisms become dispersed across the European continental shelf. Basin scale 
maps of seasonal long-term mean gelatinous organism distribution highlight a spatial association of 
satellite-tracked leatherback turtles (Figure 3, box A (Ferraroli et al. 2004), box B (Hays et al. 2004)) 
with regions of appreciable gelatinous organism relative abundance. Boxes circumscribe the minimum 
and maximum spatial extents of movement within the extents of the displayed images. (Ferraroli et al. 
2004; Hays et al. 2004) do not provide seasonal timings for their satellite-tracked leatherback turtles, so 
these occupation boxes have been applied to both seasons, although occupation is most likely to have 
occurred during late summer and autumn. Gelatinous organism distribution fields highlight the European 
continental shelf-break and the Rockall Bank (Figure 3, box C) as regions that support appreciable 
aggregations of gelatinous organisms and are within the proposed thermal niche for leatherback turtles. 
To ascertain the relative importance of the spatial regions circumscribed by boxes A and B we used a 
randomised block re-sampling bootstrap procedure on each seasonal image (available spatial range for 
bootstrapping: 65°W to 4°E, 36° to 64°N). We chose this procedure as it retains the spatial correlation 
structure inherent in many environmental datasets. Each re-sampling block took the dimensions of box 
A or box B (5000 iterations box–1 season–1). Blocks were randomly positioned on the seasonal image 
following random rotation (angle randomly selected from 0 to 360°). Mean gelatinous organism relative 
abundance circumscribed by the re-sampling block was then calculated. Results from bootstrap 
procedures are shown by the inset frequency distributions (Figure 3a, b). Mean gelatinous organism 
relative abundances experienced by box A and B during summer were at the 89th and 90th percentiles 
respectively of their bootstrap distributions. For autumn, boxes A and B were at the 94th and 99th 
percentiles respectively of their comparative bootstrap distribution. Clearly, leatherback turtles are 
using habitats that are typically productive for gelatinous organisms. 
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Discussion 
 
Records of leatherback turtles on the European continental shelf are mostly confined to northeast 
Atlantic-facing aspects of France, Ireland and the UK. The temporal distribution of records 
demonstrates a seasonal pattern, increasing during the summer and declining during late autumn and 
winter. A similar pattern is observed in North Atlantic coastal habitats of the United States and Canada 
(Bleakney 1965; James et al. 2005c). Patterns of seasonal occupation inferred from public sightings 
records must however be interpreted with caution as they lack correction for spatial and temporal bias 
in survey effort. Notwithstanding this caveat, the presence of leatherback turtles in neritic environments 
(< 200 m depth) together with recent satellite tracking (Eckert 2006) demonstrates that the northeast 
Atlantic is a seasonally occupied habitat. The presence of leatherback turtles in the northeast Atlantic, 
taken in the context of measurements of core body temperatures (James and Mrosovsky 2004), further 
demonstrates endothermic capacity in this species. Despite thermal inertia, temperature thresholds 
most likely limit regions that can be occupied for prolonged periods (weeks to months). For adult 
leatherback turtles we speculate that conditions leading to near surface temperatures of approximately 
10 to 12°C act as a lower threshold to prolonged occupation (weeks to months) although it is clear that 
they can endure much cooler waters for short periods (James et al. 2006). Habitat demarcating 
isotherms for leatherback turtles have also been outlined by (McMahon and Hays 2006); however, these 
authors arrive at 15°C as being the limiting isotherm based on in situ measurements of sea temperature 
from telemetered turtles. This difference in habitat demarcating isotherms most likely arises from a 
spatial and temporal mismatch in the resolution of sampling techniques and data products. Furthermore, 
differences in body size and nutritional status are also likely to limit the extent of thermally accessible 
habitat.  
 
We suggest that the waters of the UK most likely represent the northerly limit for the majority of 
seasonal leatherback foraging migrations under current thermal regimes. While isotherms of surface 
conditions appear to demarcate seasonal habitats, temperatures of 2.5°C experienced at depth when 
diving from warm surface waters (15.6 to 19.1°C) appear not to influence dive behaviour (James et al. 
2006). Morphometric data taken from records of leatherback sightings, strandings and capture suggests 
that size structuring of individuals occurs in the northeast Atlantic. Smaller individuals appear to be 
excluded from higher latitude cooler water habitats, a pattern potentially driven by gigantothermy. A 
similar pattern of distribution has been identified within juvenile leatherback turtles at a lower latitudinal 
range (Eckert 2002). Furthermore, leatherbacks occupying French Atlantic waters are significantly 
smaller than those occurring at similar latitudes in northwest Atlantic habitats where water 
temperatures are considerably cooler (James et al. 2007).  
 
Latitudinal clines in body size as described by Bergmann’s rule have been documented in many terrestrial 
species (Ashton et al. 2000). Although sightings records do not allow for an examination of individual 
movement patterns across years, they do indicate that body size related thermal constraints play a role 
in structuring foraging assemblages. Longer term monitoring (years) of male and female leatherbacks 
27 
using satellite telemetry, which is currently limited due to constraints of battery life, sensor and device 
attachment failure, would allow for a detailed examination of the spatial distribution of leatherback 
turtles in years between breeding. In these years, individuals may find it possible to increase their 
northward extent as a result of increased body fat with concomitant increase in insulation and reduction 
of surface area to volume ratio. The presence of leatherback turtles in neritic habitats most likely 
highlights the effects of the predominant wind driven surface currents on the European continental shelf 
that aggregate gelatinous organisms. Surface currents can aggregate forage along coastal margins 
(Graham et al. 2001) and within embayments (Houghton et al. 2006).  
 
The recorded behaviour of leatherback turtles in neritic (Eckert et al. 1989b) and pelagic habitats (Hays 
et al. 2004; James et al. 2005b) suggest diving plays an important function in enhancing prey capture 
especially when epipelagic availability of gelatinous forage is poor (Davenport 1998). Leatherbacks 
exhibit a diel periodicity in diving behaviour, making shallower dives by night and deeper dives by day, 
presumably in response to vertical tracking of their diel migrating prey (Eckert et al. 1989b). Although 
leatherback turtle behaviour can be punctuated by deep dives this species remains a predominantly 
epipelagic forager (Hays et al. 2004). Such behaviour supports the usefulness of CPR data that show 
gelatinous organism distribution in upper-surface layers. Gelatinous organism landscapes demonstrate 
the importance of topographic features and regional hydrography for aggregating prey or enhancing 
localised productivity (Graham et al. 2001). The continental shelf-break, including the Porcupine Bank 
and Porcupine Bight and the Rockall Bank and Trough, is spatially coincident with appreciable 
aggregation of gelatinous organisms and as such represents habitats that require boat-based or aerial 
investigation of leatherback turtle distribution. The occurrence of previously undescribed gelatinous 
organism rich habitats within waters of European Union member states highlights the necessity to 
enumerate the presence of foraging leatherbacks. Smaller oceanographic features that aggregate 
gelatinous organisms, such as Langmuir circulation cells (Graham et al. 2001), cannot be adequately 
resolved by the CPR survey but are likely to play a role in generating profitable, but short lived, prey 
patches. If predictions are confirmed and densities are sufficiently high it would be appropriate to 
monitor fisheries in these regions for bycatch and adopt appropriate mitigating techniques.  
 
Maps of gelatinous organism distribution provide an important synoptic view of potential prey availability 
and allow for an assessment of the interactions between the sometimes spatially conflicting thermal and 
prey niches. Prey fields indicate that the central North Atlantic supports several appreciable 
aggregations of gelatinous organisms. It is likely that these aggregations reflect the dynamic nature of the 
North Atlantic gyre. This region supports the separation of eddies that can enhance localised 
productivity (divergent eddies) or aggregate prey (convergent eddies). Leatherback habitat utilisation 
from satellite tracking (Ferraroli et al. 2004; Hays et al. 2004) suggests movements are most likely 
directed to regions that show seasonally persistent densities of prey over decadal timescales. Identifying 
these regions as likely foraging grounds provides important direction for conservation efforts, 
particularly as they exist within areas where potential conflicting fishing effort is considerable (Lewison 
et al. 2004b). 
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Evaluating the usefulness of presence data from the CPR Survey 
 
Mapping of abundance data for CPR taxa has become increasingly useful to visualise spatial and temporal 
distribution patterns of plankton (see CPR Survey Team 2004). Semi-quantitative data recorded by the 
CPR survey such as the phytoplankton colour index (PCI), an index of CPR sample greenness 
(Richardson et al. 2006), has similarly been mapped (Vezzulli and Reid 2003) and shows the seasonal 
progression of phytoplankton in the North Sea. Mapping of presence data involving interpolation 
techniques to derive relative abundance has not been previously attempted. However, seasonal analyses 
of a phytoplankton taxon (Phaeocystis) recorded as present/absent has been achieved (Gieskes et al. 
2007) and spatial patterns in coelenterate data for the North Sea taken from the CPR survey have been 
recently described (Attrill et al. 2007). The comparison of presence mapping for siphonophores (see 
Figure S2) suggests our technique resolves patterns equivalent to those produced using abundance 
counts; some information, especially patchy ephemeral blooms, is undoubtedly lost when using a coarse 
presence/absence scale. Our synoptic approach does not over interpret the data. The demonstrated 
mapping technique is an important step towards developing a trophic-appropriate prey proxy for 
leatherback turtles and enables validation to other biological datasets on gelatinous prey productivity. 
Two additional caveats must be considered with the use of CPR data in the presented context. Firstly, 
the spatial coverage of near-shore regions by the CPR survey is comparatively weak due to constraints 
of operating the CPR from merchant ships of opportunity. Consequently, gelatinous organism 
distribution is most likely underestimated in these habitats. The second caveat involves the efficiency 
with which the CPR samples gelatinous zooplankton, which has yet to be rigorously quantified; however, 
mapping of gelatinous plankton presented here offers a useful first step for validation studies. Sampling 
of gelatinous organisms by the CPR is most likely biased to small species, smaller individuals of larger 
conspecifics or body parts of gelatinous prey sought by leatherback turtles. This bias may explain the 
slight temporal lag between maximum relative abundance of gelatinous organisms observed in June and 
maximum number of leatherback records in August. We are confident however that the landscapes of 
gelatinous organism distribution represent meaningful information. 
 
 
Future scenarios 
 
For predictions of potential foraging habitats to be robust, it is necessary to understand how the 
physical environment controls productivity and how energy is transferred up trophic food webs on wide 
spatial and temporal scales. For example, climatic patterns that operate at basin-scales on an interannual 
basis, such as the North Atlantic Oscillation, influence gelatinous organism distribution and abundance in 
neritic environments (Lynam et al. 2004). On decadal scales the dominant climatic pattern to ensue is 
both complex and unclear; however, reported warming of the world’s ocean (Levitus et al. 2000) and 
the predicted increase in global mean surface temperature of between 1.4°C and 5.8°C for the period 
1990 to 2100 (IPCC 2001), is likely to have a considerable effect. In northeast Atlantic ecosystems the 
response of plankton to increasing sea temperature has differed regionally. Warming of cooler regions 
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has led to increased plankton abundance, whereas further warming of previously warmer regions has led 
to a decrease (Richardson and Schoeman 2004). For gelatinous organisms in temperate neritic habitats, 
warm temperatures mostly induce large numbers of individuals and increase rates of reproduction 
(Purcell 2005); whether such responses extend to pelagic environments is unknown. The influence of 
changing zooplankton prey for gelatinous organism distribution is therefore likely to be significant and 
complex to predict. For leatherback turtles, increasing sea surface temperature may expand foraging 
areas (James et al. 2006) through northward range extension into new foraging habitats of high 
temperate latitudes that are currently inaccessible but prey rich under current climatic and 
oceanographic conditions. Contrary to predictions of ocean warming, a weakening global thermohaline 
circulation may result in a subsequent failure to transfer heat from the tropics to more northern 
latitudes (IPCC 2001). Decreasing sea temperatures would lead to a retreat in leatherback foraging 
populations from their current northern limits. It is clear therefore that making even qualitative 
predictions of the likely impact of climate change on leatherback turtle distribution, based on data in 
hand, is a far from trivial task. Population dynamics of gelatinous zooplankton also appear to be affected 
by fisheries practices. Extensive overfishing in the Benguela upwelling system has led to a stable state of 
gelatinous zooplankton dominance over fish (Lynam et al. 2006). Such states suppress fish stocks and 
lead to altered nutrient cycling regimes, yet they may offer important foraging grounds for leatherback 
turtles, particularly if they are spatially and temporally coincident with migration routes of 
zooplanktivores. Such shifts to gelatinous organism dominance in pelagic habitats have been speculated 
upon (Sommer et al. 2002) but are yet to be described. We have shown how using a synergistic 
approach of integrating habitat mapping of environmental temperature and forage distribution with 
megavertebrate distribution patterns from public sightings and satellite telemetry adds to a greater 
understanding of how the ocean environment may drive patterns of space use in marine 
megavertebrates. The presented prey fields contribute to a greater understanding of the distribution of 
secondary productivity over broad spatial and temporal scales, and provide an important environmental 
layer on which to interpret the distribution of other facultative and obligate zooplanktivorous species, 
particularly zooplanktivorous fish. Furthermore, the adopted approach aids the identification of potential 
habitats for future scientific investigation and for directing conservation effort in both pelagic and neritic 
habitats. 
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Figure 1. (a) Spatial and temporal distribution of 
reports of live leatherback turtles (1954 to 
2003) on the European continental shelf. Dashed 
lines: 5th and 95th percentiles of this monthly 
spatial distribution; (o) records outside the 
defined range. Records between January and 
April are outside of the core seasonal 
distribution and represent 5 records in 50 years; 
the individual latitudes of these records are 
shown. Number of records for each month is 
shown above x-axis. (b) Sea surface temperature 
for records of leatherback turtles (alive - empty 
bar, n = 1514, dead - filled bar, n = 474).  
(c) Minimum curved carapace length, CCL 
observed at each degree of latitude from records 
with carapace measurements (n = 268). Solid line 
indicates regression (R2 = 0.4, F1,17 = 10.4, p < 
0.001).
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Figure 2. Leatherback turtles and gelatinous organisms in the northeast Atlantic. Long-term monthly 
mean (1954–2003) gelatinous organism distribution with records of live leatherback turtles (empty 
circles) for May to October (1954–2003). n: number of records within each monthly image. White 
zones: CPR data deficient regions. Solid white lines: long-term monthly mean position of the 10 and 
12°C sea surface isotherms (Hadley ISST, 1954–2003). A: Rockall Bank. B: Porcupine Bank and 
Porcupine Bight. Dashed black lines: UK declared fishing zone and the Exclusive Economic Zone (EEZ) 
of Ireland (overlap of UK Fishing Zone and Irish EEZ is disputed territory). Grey coastal zone: territorial 
waters (12 nautical miles from coastal baseline). Proportion positive: proportion of CPR samples at each 
location positive for gelatinous organisms. 
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Figure 3. Gelatinous organisms in the North Atlantic. Long-term seasonal mean (1954–2003) gelatinous 
organism distribution for (a) summer and (b) autumn. White zones: CPR data deficient regions. Solid 
white lines: long-term seasonal mean position of the 10 and 12°C sea surface isotherms (Hadley ISST, 
1954–2003). Boxes A and B describe leatherback turtle occupation zones recorded from satellite 
tracking by Ferraroli et al. (2004) (2 turtles), and Hays et al. (2004) (5 turtles) respectively, and 
circumscribe the minimum and maximum spatial extents of movement within the displayed images. Box 
C highlights a gelatinous prey ‘hotspot’ that could support foraging individuals during thermally 
accessible periods. Insets: frequency distributions of mean gelatinous organism relative abundance 
calculated from randomised block re-sampling (bootstrapping) using dimensions of box A (solid line) and 
box B (dotted line) for (a) summer and (b) autumn. Vertical lines: mean gelatinous organism relative 
abundance calculated for box A and B prior to the bootstrapping routine. 
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Figure S1. Cumulative monthly CPR sampling locations
January, n = 12098 
February, n = 12725 
March, n = 15343 
May, n = 14868 
June, n = 14592 
July, n = 15098 
August, n = 15297 
September, n = 14851 
October, n = 14576 
November, n = 13865 
December, n = 12750 
April, n = 14823 
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Figure S2. Siphonophores mapped using abundance and proportion positive scales
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Abstract 
 
The leatherback turtle (Dermochelys coriacea) is a globally distributed species and is subject to fisheries 
bycatch throughout its range. Protection from fisheries is difficult to achieve, particularly in pelagic 
habitats, but may be more tractable when populations are concentrated near neritic breeding and 
nesting grounds. We used satellite telemetry to describe patterns of habitat utilisation during the 
internesting period for leatherback turtles (n = 7) nesting at Mayumba National Park in Gabon on the 
equatorial Central African coast (South Atlantic). The National Park includes critical nesting grounds and 
a Marine Protected Area (MPA) to 15 km offshore. Turtles dispersed widely from the nesting beach 
spending 62 ± 26% of tracking time outside of the protected confines of the National Park. This 
propensity to disperse is likely to increase the chance of deleterious interactions with fisheries in the 
region. Patterns of habitat utilisation indicate the need for wider spatial scale planning to enhance 
protection of leatherback turtles that seasonally occupy Central and West African neritic habitats in 
great numbers for breeding and nesting. 
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Short Communication 
 
The use of Marine Protected Areas (MPAs) to safeguard high-seas habitats of marine vertebrates 
(Hyrenbach et al. 2000) has been largely unrealised, despite the mandates of several multilateral 
agreements (e.g. United Nations Convention on the Law of the Sea, Convention on Biological Diversity 
and the Convention on Migratory Species). Marine vertebrates therefore remain at risk from fisheries 
while occupying the pelagic realm (Carranza et al. 2006; Hall et al. 2000; Lewison et al. 2004b). In 
contrast, coastal MPAs may be more successful in protecting species of conservation concern as 
surveillance and enforcement become tractable. MPAs could provide an important management tool for 
migratory species, such as the leatherback turtle (Dermochelys coriacea), that occupy neritic habitats for 
breeding and nesting. 
 
Leatherback turtles exhibit the widest spatial distribution of all marine turtles (Plotkin 2003) moving 
through pelagic habitats undertaking foraging migrations for gelatinous prey (James et al. 2005b; Witt et 
al. 2007a). Reproductively active adults converge on natal tropical and subtropical coastal habitats to 
breed and nest (Miller 1997). Leatherback turtles nesting in Gabon (Figure 1a) form a globally important 
sub-population (Formia et al. 2003; Fretey 1984; Sounguet et al. 2004). Three centres of nesting occur 
on the Gabonese coast (Figure 1a) at Pongara, Gamba and at Mayumba National Park (Sounguet et al. 
2004; Verhage et al. 2006). Given knowledge regarding the reproductive patterns of this species (James 
et al. 2005a), it is likely that the coastal waters of Gabon host substantial numbers of leatherback turtles 
for several months each year (September to March). 
 
An MPA was established at Mayumba (Figure 1b, ~ 900 km2) in 2002 as part of a larger effort to protect 
habitats and species across Gabon (www.gabonnationalparks.com). The park is a fisheries exclusion 
zone encompassing a 15 km band of neritic habitat and a 1 km band of adjacent land stretching 
northwards for 60 km from Gabon’s southern border with Conkouati-Douli National Park in the 
Republic of the Congo (Figure 1b). Mayumba National Park was designated to protect marine turtles (i.e. 
leatherback turtles and the olive ridley turtle, Lepidochelys olivacea) and humpback whales (Megaptera 
novaeangliae) that seasonal visit its waters. 
 
Leatherback turtles are reported to disperse widely from focal points of nesting (Eckert et al. 1989a; 
Eckert 2006; Keinath and Musick 1993); this behaviour complicates the assessment of the anthropogenic 
risks in the coastal waters of Gabon (e.g. industrial trawl fisheries). We therefore deployed platform 
terminal transmitters (PTTs – Kiwisat 101, n = 4 and Satellite Relayed Data Loggers - SRDLs, n = 3) 
communicating with Service Argos (www.argos-system.org) to record the at-sea distribution of 
leatherback turtles (Table 1) nesting at Mayumba National Park. 
 
Movements of tracked individuals were reconstructed from Argos location estimates assigned error 
classes 3, 2, 1, 0 and A using the Satellite Tracking and Analysis Tool (Coyne and Godley 2005). Classes 
3 to 0 have decreasing location accuracy from <150 m to >1000 m; class A has no location error 
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estimate (see Hays et al. (2001) for a review of Argos tracking with respect to marine turtles). To 
remove spatially inaccurate location estimates each movement track was independently filtered using the 
minimum redundant distance and distance, angle and rate filters of the Douglas Argos-Filter algorithm 
(www.alsaka.usgs.gov). Argos location estimates with error classes 2 and 3 were always retained. Prior 
to analysis all movement tracks were resampled at 1 hour intervals assuming straight-line movement 
between location estimates. All distance measurements were made using straight-line principles. 
 
The location of PTT attachment sites were recorded using a hand-held GPS receiver. We derived the 
locations of subsequent nesting events from Argos location estimates using a set of assessment criteria, 
these were a) directed movement towards the coast, b) an increase in location estimate class, which 
commonly occurs with nesting and c) haul-out information (periods of non-submergence greater than 
10 minutes) for individuals tracked using SRDLs. These criteria were required to logically intersect no 
earlier 8-9 days following PTT attachment or subsequent nesting. This duration typifies the re-nesting 
interval of leatherback turtles (Miller 1997). 
 
During their internesting periods, 10 ± 1 days (mean ± SD), range 8 to 13 days, leatherback turtles 
ranged widely moving a mean minimum straight-line distance of 249 ± 101 km. This pattern of 
movement is consistent with studies on internesting leatherback turtles from the North Atlantic (Eckert 
et al. 1989a; Keinath and Musick 1993). Tracked individuals occupied 7670 km2 of neritic habitat (Figure 
2), estimated using the alpha-hull technique (Burgman and Fox 2003) where alpha = 7 and remained 
exclusively on the continental shelf (coastline to 200 m depth contour). Turtles B, D and E moved into 
the waters of the Conkouati-Douli National Park within the territorial waters of the Republic of the 
Congo (Figure 1b) for 46 ± 13 % of their respective tracking durations. 
 
Leatherback turtles spent 62 ± 26 % of internesting time outside of Mayumba National Park; in these 
habitats they remain at risk of incidental capture by licensed and unlicensed industrial trawl fisheries 
(Billes et al. 2003; Sounguet et al. In Press). The most frequented region of the internesting habitat 
occurred within and on the periphery of Mayumba National Park (Figure 1c). This pattern most likely 
highlights the shuttling movements made by females to and from the nesting beach every ~10 days. The 
mean time to depart the national park following nesting was 1 ± 0.7 days; most protection is therefore 
conferred by the National Park in the hours prior to and following nesting. 
 
The spatial extents of the National Park encompassed 9 % of habitat utilised by tracked individuals 
(Figure 2). This disparity between available protected habitat and that which would offer enhanced 
protection (e.g. 50% or 75% of internesting habitat), demonstrates the difficulties in demarcating coastal 
MPAs. Restricting access to resource rich coastal waters (e.g. fisheries and oil) poses considerable 
problems for governments that are required to balance economic growth with the need to protect 
species of conservation concern. 
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Mayumba National Park is nested within several existing marine zones (Figure 2) but historically little 
capacity has existed to monitor and subsequently enforce them. In previous years adult leatherback 
turtles have been washed ashore dead on the beaches of the National Park and at Gamba, 160 km to 
the north, coincidentally observed with fisheries violations (Verhage et al. 2006). Rates of strandings are 
unlikely to represent the extent of deleterious interactions occurring at sea, particularly as prevailing 
currents (Figure 1b) most likely wash severely injured or dead leatherback turtles away from the coast. 
Limited satellite tracking suggests that these areas are likely to be densely occupied (Figure 1c).  
 
Nest site fidelity varied appreciably 13.1 ± 10.6 km (mean ± SD), range 1.2 to 28.3 km and beach activity 
was not restricted to the National Park – turtle E was observed in the Conkouati-Douli National Park 
approximately 30 km south of the PTT attachment site. Monitoring of nesting undertaken at Mayumba 
National Park and at the Gamba Complex of Protected Areas, shows that some exchange of individuals 
occurs on an annual basis (Verhage et al. 2006). This demonstrates that the wide ranging movement 
patterns of internesting leatherback turtles are matched in geographic scale by changes in nest site 
selection. This plasticity highlights the additional challenges of limiting illegal egg harvest and the 
complexities of ensuring consistent protection across geopolitical zones both on land and at sea. 
 
The Memorandum of Understanding (MoU) for West African turtles introduced by the Convention on 
Migratory Species encourages signatories, such as Gabon and the Republic of Congo, to protect marine 
turtles through mitigating potential risks. An important step towards the MoU would be the 
implementation of marine spatial planning with a goal to optimally select regions requiring protection for 
leatherback turtles. This process may be informed by the use of distribution data recorded by satellite 
telemetry. Practically, enhanced protection may be achieved through the use of fisheries zoning (Figure 
2), which instigates a seasonal fisheries closure between October and March in habitats surrounding 
Mayumba National Park and the marine region of Conkouati-Douli National Park (~1260 km2). This 
recommended zone would offer an additional ~4100 km2 of protection. The recent commissioning of a 
fishing vessel monitoring system and the proposed introduction of Turtle Excluder Devices in Gabon 
may also make a substantial contribution to mitigating fisheries risk. Taking an integrative approach 
would however require bilateral agreements to ensure consistent and uniform fisheries surveillance 
between both countries. Despite these obstacles, such an approach, especially when operated in tandem 
with appropriate control of pelagic fisheries, is likely to yield beneficial results for leatherback turtle 
population growth and overall ecosystem health. 
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Figure 1. (a) Leatherback turtle nesting sites in 
Gabon (filled circles) including Mayumba 
National Park. Labels: (I) Equatorial Guinea 
territorial sea and exclusive economic zone, 
(II) Sao Tome & Principe economic zone, (III) 
Gabon territorial sea, contiguous zone and 
exclusive economic zone and (IV) Congo 
territorial sea. Hatched zone represents 
disputed region. Dashed line polygon depicts 
spatial extents of Figure 1b and c. Inset map 
shows the African continent, box (dashed line) 
indicates the spatial extents of Figure 1a. 
 
(b) Argos derived tracks of turtles A-E. 
Dotted black lines are bathymetric contours. 
Solid black arrows highlight dominant offshore 
ocean currents derived from absolute dynamic 
topography satellite altimetry data.  
 
(c) Habitat utilisation by tracked turtles using 
a single daily position taken at 12-midday for 
each turtle. Vertical inset colour scale 
indicates the number of occupation events per 
cell. Dotted black lines are bathymetric 
contours. 
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Figure 2. Existing and recommended spatial zoning on the continental shelf of Gabon and the Republic of 
the Congo. Industrial trawlers can not operate in the existing Artisanal Fishery Zones (AFZ). In Gabon, 
the AFZ stretches from the coastline to 3 nautical miles, in the Republic of the Congo it reaches 6 
nautical miles. Artisanal fishing is permissible inside Conkouati-Douli National Park up to 6 nautical miles 
from the coast but only for villages within the Park. The recommended seasonal fisheries closure (SFC) 
should operate between September and March end each year for industrial trawl fisheries. No fishing is 
permissible inside Mayumba National Park. Mayumba National Park’s existing buffer zone (BZ) should 
act as seasonal closed zone (September to March end) for Artisanal Fishing; industrial trawlers should be 
excluded all year. 
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Abstract 
 
Migratory marine species face risks throughout their range; population estimates are, therefore, 
important for identifying changes in abundance and for developing proactive management plans. From 
aerial surveying data we present an analysis of the nesting effort directed to the coast of Gabon by 
female leatherback turtles in the South Atlantic. Nesting effort is highly variable between years but 
densities are spatially consistent along the Gabon coast. The National Park system of Gabon 
encompasses 76±4% of leatherback turtle nesting emergences recorded by aerial surveying, indicating 
their ability to confer protection to a sizeable proportion of annual nesting effort. Using these estimates 
of nesting effort we derive total population size from three seasons of surveying and show that this 
nesting aggregation is most likely the largest in world. Trend analysis of this data is currently not feasible 
due to the short term nature of the dataset. Increased within season surveying and a multi-decadal 
approach to monitoring will enable statistical estimates of changing patterns of nesting effort to be 
derived. 
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Introduction 
 
Migratory marine species face risks throughout their range (Hall et al. 2000; Lewison et al. 2004a); 
population estimates are, therefore, important for identifying changes in abundance and for developing 
proactive management plans. Estimating the size of populations that are widely dispersed is complex but 
can be made easier if species exhibit predictable migrations and/or form seasonal aggregations, which 
makes enumeration feasible (e.g. albatrosses (Poncet et al. 2006), seals (Thompson et al. 2005), whales 
(Stevick et al. 2006) and sea turtles (Broderick et al. 2006)). In non-breeding years leatherback turtles 
disperse widely over oceanic areas (Benson et al. 2007; Ferraroli et al. 2004; Hays et al. 2006; Hughes et 
al. 1998). However in breeding years sizeable groups of males and females will aggregate in spatially and 
temporally discrete regions (Georges et al. 2007; James et al. 2005a). 
 
For some of the most significant leatherback nesting regions it has been possible to estimate not only 
population size but also trends in abundance. For example, the Indo-Pacific populations have 
experienced decline (Hitipeuw et al. 2007; Reina et al. 2002; Spotila et al. 2000; Tomillo et al. 2007); 
whereas some nesting aggregations are reported to be increasing (e.g. Suriname and French Guiana, 
Girondot et al. (2007); US Virgin Islands,  Dutton et al. (2005)). The status of other Atlantic populations, 
however, is more variable (Turtle Expert Working Group 2007). In recent years some of the major 
threats to leatherback turtles have been identified, including fisheries interactions in neritic and pelagic 
environments (Alfaro-Shigueto et al. 2007; Carranza et al. 2006; Chan and Liew 1996; Lewison and 
Crowder 2007; Spotila et al. 2000), unregulated egg harvest and nesting beach degradation and 
increasingly into the future, potential changes in resource availability, linked to climate (McMahon and 
Hays 2006; Saba et al. 2007). 
 
Within the Eastern Atlantic, leatherback turtles nest on the West African coast from Mauritania to 
Angola (Fretey et al. 2007). A globally significant aggregation nests on the beaches of Gabon (Fretey 
1984; Fretey et al. 2007), with less nesting in neighbouring countries (Rader et al. 2006; Weir et al. 
2007). Billes et al. (2003; 2000) estimated the total nesting effort for southern Gabon was approximately 
30,000 and 37,150 nests in the 1999-2000 and 2000-2001 nesting seasons respectively. This aggregation 
most likely constitutes a significant proportion of the nesting effort in the South Atlantic, which is 
geographically and genetically distinct from the North Atlantic stock (P. Dutton pers. comm.). It is 
important to derive rigorous estimates for this population to inform basin specific conservation 
management planning. In this study, we estimate the number of nests laid annually in Gabon by turtles 
from this population using aerial surveying over 3 seasons of nesting. We also ask the question ‘how 
much future monitoring does this population need’? 
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Methods 
 
Surveys 
 
Three aerial surveys were conducted in each of three nesting seasons (2002-2003, 2005-2006 and 2006-
2007), timed to encompass the seasonal peak of nesting (December to February). Surveys were 
conducted over approximately 650 kilometres of coastline (north to south). All flights commenced at 
dawn so that a low sun angle would aid track visibility (Schroeder and Murphy 1999). Surveys were 
planned to occur when the times of sequential high tides permitted the greatest number of activities to 
be encountered. Surveys started and finished at approximately 07:30 am and 10:00 am respectively. 
Most surveys took 2 days to complete, lasting 4.3 ± 1.0 hours in total; surveying on day 1 occurred 
between the northern point of Pongara National Park and Iguela and on day 2 the survey continued 
south to the border of Mayumba National Park with the Republic of the Congo (Figure 1). The final 
survey of 2002-2003 was conducted on a single day; however, heavy rain in the region of Mayumba 
National Park prevented a complete count of activities. Data from this survey were excluded from all 
statistical analysis, but are included in the presented graphs for completeness. 
 
Aerial surveying was conducted using a light aircraft (Cessna 182) travelling at a speed of 180-190 km  
hr-1 (60-100 knots) at an altitude of 80-100 m. During each survey the position of the aircraft was 
recorded using a global positioning system (GPS) receiver. Each survey utilised a video recorder to 
document leatherback turtle activities. Recorded video footage was used to count leatherback turtle 
activities occurring below the high tide line so to count only recent tracks (< 12 hours old). This 
method facilitated checking of count estimates and removed potential biases introduced by surveyor 
fatigue. Counts of activities taken from video footage were binned into approximately 500 m sectors 
(straight-line distance). The finishing point for each sector was assigned geographic coordinates from the 
recorded GPS track of the aircraft. 
 
In 2002-2003 aerial surveys were conducted in the 2nd and 4th weeks of January and in the 2nd week of 
February. Surveys in 2005-2006 and 2006-2007 occurred in the 2nd week of December and the 4th week 
of January and February. The first, second and third survey of each season will be referred to as the 
early, mid and late surveys. 
 
 
Ground truthing and nesting emergence corrections 
 
Turtle tracks representing nesting and non-nesting emergences were counted by foot to ascertain the 
accuracy of aerial surveying. In total, 16 track counts were made at six locations during the 2006 – 2007 
nesting season (located at Pongara National Park, Iguela, Gamba and at Mayumba National Park; Figure 
1). At each location the number of activities counted from the air was compared to the early morning 
ground count made by personnel undertaking daily monitoring. To derive the number of clutches laid 
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from aerial counts of leatherback turtle nesting activities we applied a nesting emergence correction 
factor. This factor was derived from the proportion of activities resulting in clutch deposition 
determined from daily monitoring data collected at four locations across Gabon (Pongara National Park, 
Iguela, Gamba and Mayumba National Park). Aerial counts of nesting activities were conservatively 
adjusted using the lowest nesting emergence recorded at monitoring sites on the Gabonese coast (86%). 
 
 
Nesting within National Parks and Reserves 
 
For each survey we calculated the minimum number of nesting events within National Parks and 
Reserves by identifying the 500 m aerial survey sectors spatially coincident to these areas. Where aerial 
sectors crossed Park or Reserve boundaries we used only those occurring completely within that area. 
 
 
Seasonal curves and estimating total nesting effort 
 
In order to estimate the total nesting effort using aerial surveying data within a given season, we 
constructed seasonal curves describing the daily distribution of nesting activity from ground count data. 
Two composite curves were produced. For the first (composite one) we used ground count data 
collected during the 2006-2007 nesting season from four monitoring locations (Pongara National Park, 
Iguela, Gamba and Mayumba National Park) representing 22 km of the Gabonese coast. Based on these 
data we determined that the nesting season occurred between 10th November 2006 and 31st March 
2007 (duration 141 days; median day of nesting from 22nd December 2006 to 11 January 2007). On 
occasions when monitoring did not occur, it was necessary to interpolate daily nesting counts (9 daily 
estimates for Pongara and Igeula, 16 daily estimates for Bame). Interpolation was carried out in MatLab 
(The MathWorks, Massachusetts) using the cubic spline approach. Days requiring interpolated estimates 
did not occur on days of aerial surveying. At each location the daily number of activities was expressed 
as a proportion of all activities recorded at that location during the nesting season. Each daily value in 
the composite was then taken to be the mean of the corresponding daily proportions recorded at each 
of the four locations. A second seasonal curve (composite two) was assembled from 4 consecutive 
seasons of nesting data (2003 to 2007) collected at Gamba (Verhage et al. 2006). The daily number of 
activities within each season was expressed as a proportion of all activities recorded during that nesting 
season. Each daily value in the composite was then taken to be the mean of the corresponding daily 
proportions recorded in each of the four nesting seasons. For both composites, data were smoothed 
with a 7 day running average. 
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In order to calculate total nesting effort for each season we used the methodology of Hopkins-Murphy 
et al. (2001), see equation 1. The procedure is based on the assumption that the ratio formed between 
the total number of expected nests occurring on aerial survey days and the total number of nests in the 
season curve is equivalent to ratio between the number of aerial counts made on survey days and total 
nesting effort. This process was repeated using composites one and two. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Expected number of nests on days 
of aerial surveying sampled from 
seasonal composite 
Total number of nests in seasonal 
composite 
= 
Number of nests recorded on 
aerial surveys across season 
Total nesting effort in season 
Eq 1. 
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Results 
 
Ground truthing and nesting emergence 
 
Ground truthing regions encompassed a wide range of densities of leatherback turtle activity from 0 to 
17.4 activities km-1 and varied in length from 4.1 to 15.8 km, representing in total 48.1 km of coastline 
(7% of Gabon coastline). There was a highly significant positive relationship between aerial and ground 
counts of leatherback turtle activities (Figure 2, y = 1.09sx +0.52, R2 = 0.99, F1,14 = 2147,  P < 0.01). 
Given the accuracy in which aerial counts reflected ground counts we chose not to use an aerial to 
ground correction factor. Nesting emergence (NE) calculated at four locations was 96 ± 4% (Pongara 
National Park n = 2746 activities, NE 99%; Iguela n = 78 activities, NE 86%; Gamba n = 550 activities, NE 
96% and Mayumba National Park n = 4959 activities, NE 98%). Aerial counts were parsimoniously 
corrected using the lowest nesting emergence factor of 86%. 
 
 
Spatial patterns of leatherback turtle nesting 
 
Counts of leatherback turtle nests derived from aerial data were grouped into 10-km latitudinal bands 
by aggregating the adjusted data for each ~500 m sector. Patterns of nesting (Figure 3) indicated that the 
northern and southern ends of Gabon received the highest densities of nesting; and that these regions 
are within Pongara and Mayumba National Parks. A waveform repeatability analysis (Lee 2006) was 
conducted for the 10-km grouped data to ascertain whether patterns of nesting were spatially 
consistent within and among seasons for the early, mid and late aerial surveys. For each repeatability 
analysis a correlation of multiple coefficients (CMC) and coefficient of variation (CV) were calculated. 
CMC may be interpreted in the same manner as Pearson and Spearman correlation coefficients (Lee 
2006), CV represents a dimensionless indicator of variability about a mean (Zar 1999). Repeatability 
analysis indicated that spatial patterns of nesting were repeatable within (mean CMC 0.7 ± 0.1, range 0.6 
to 0.8; mean CV 1.5 ± 0.05) and among seasons (mean CMC 0.5 ± 0.2, range 0.4 to 0.7; mean CV 1.1 ± 
0.1), although the magnitude of variation was considerable. 
 
 
Congruence of nesting to National Parks and Reserves 
 
Aerial surveying indicated that, although only 10 ± 6 % of nesting was restricted to daily monitoring sites, 
76 ± 4 % of leatherback turtle nesting occurred within the National Parks and Reserves (covering 
approximately 350km, 44%, of the Gabonese coast; Figure 4). Mayumba National Park received the 
greatest number of nesting events recorded during three aerial surveying seasons (42 ± 8%, range 31 to 
51% of all nests recorded within a single aerial survey). Pongara National Park received 15 ± 8% of 
leatherback turtle nesting activities (range 5 to 31%). 
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Seasonality curves and total nesting effort 
 
The median day of nesting for composite 1 (Figure 5h) was the 2nd of January (5th percentile 25h 
November, 95th percentile 22nd February). For composite 2 (Figure 5i) the median day of nesting ranged 
from the 31st of December to 11th of January. Composites 1 and 2 were not significantly different 
(Kolmogorov-Smirnov test, D0.05,136,137 = 0.13, P > 0.05). When used to derive total nesting effort neither 
composite was consistent in estimating the smaller or larger of the two estimates for each season. 
Estimates were for 2002-2003 (median 117,713 range 114,842 - 119,504 nests), for 2005-2006 (median 
47,473 range 43,795 - 51,151 nests) and for 2006-2007 (median 65,244 range 63,878 - 66,609 nests). 
The coefficient of variation for median estimates was 0.47. 
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Discussion 
 
Marine turtle are species of conservation concern; as such, reliable data on their population status and 
distribution are required on regional and global scales, yet despite several decades of research, 
knowledge remains incomplete. Given the reported precipitous decline and potential extirpation of 
some Pacific leatherback turtle populations (Spotila et al. 2000) estimating population size of remaining 
aggregations is critical for conservation management planning. 
 
Aerial surveying provides a valuable tool for real-time assessment of nesting activity over extended 
sections of coast that are otherwise inaccessible to daily monitoring. The method provides synoptic 
information on changing patterns of nesting density over space and time, which when undertaken as part 
of a larger surveying strategy, can feed into conservation management planning. Our estimate of total 
nesting effort in Gabon, assessed across three seasons, suggests that it is the world’s largest nesting 
aggregation of leatherback turtles. Integrated aerial surveying and daily beach monitoring indicates 
nesting effort is highly variable in magnitude on an interannual basis, yet spatially consistent through time. 
Comparing our minimum and maximum estimates for Gabon across three nesting seasons (47,473-
117,713 nests) with other nesting aggregations in the Atlantic demonstrates the considerable size of 
nesting effort directed towards Gabon’s coast (French Guiana & Suriname 13,291-63,294 nests 
(Girondot et al. 2007); Central America 11,465 – 19,354 (Patino-Martinez et al. Unpublished data), 
Trinidad 6,000 females nesting annually (Eckert 2006). 
 
Using a mean clutch frequency of 6 nests per female we estimate that the number of females nesting in 
each of the aerial surveying seasons was for 2002-2003 (19,140-19,917 females), 2005-2006 (7,299-8,525 
females) and 2006-2007 (10,646-11,101 females). Deriving subsequent estimates of the total female 
population size for the South Atlantic is complicated by resource availability at distant foraging areas, 
which likely drives plasticity in remigration interval (Broderick et al. 2001; Saba et al. 2007). Using a 2.5 
year remigration interval would suggest a population of between 18,248 and 49,793 females; a range that 
contrasts markedly with previous estimates of 13,000 to 21,000 females for this population (Turtle 
Expert Working Group 2007). 
 
Deriving estimates of total nesting effort from aerial surveying requires several assumptions. Firstly that 
the ratios formed between expected nesting on days of surveying and the employed seasonal curve is 
equivalent to the ratio formed between actual aerial counts on days of surveying and total nesting effort. 
The procedure is also governed by the shape of the seasonal curves. Constructing an appropriate array 
of curves, integrating spatial and temporal (interannual) variations in nesting, becomes essential to 
obtaining reliable, biologically relevant, estimates of nesting effort. Assessing the relevance of the derived 
estimates requires an understanding of the factors that influence daily patterns of nesting (e.g. tides) to 
ensure that aerial surveying is not conducted on days that receive unusually high or low nesting. In 
addition, since nesting can be highly variable from day to day, it is prudent to utilise smoothing functions 
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on data to facilitate analysis (e.g. in this study, we found a 7-day running mean was more appropriate and 
conceptually simpler than either fitted normal distributions or kernel density methods). 
 
Aerial surveying provides an important means to assess the spatial appropriateness of the National Park 
system, particularly as leatherback turtles commonly select dynamic beaches subject to interannual 
changes in coastline morphology (Kelle et al. 2007). Surveying highlights that national parks in Gabon 
encompass a substantial proportion of the total nests laid by leatherback turtles nationally. Surveying 
demonstrates Pongara and Mayumba National Parks host considerable nesting effort, yet stretches of 
coastline outside protected areas also receive appreciable effort (i.e. coast south of Wonga Wongue 
Reserve and north of Loango National Park). We recommend that these regions be investigated further.  
 
Given the variable status of Atlantic leatherback turtle populations we investigated what future surveying 
strategy should be utilised to robustly detect population trends in the Gabon leatherback nesting 
population. Using the TRENDS power analysis software (Gerrodette 1987) we attempted to calculate 
the minimum surveying duration required to detect a range of statistically significant changes (positive or 
negative) in total nesting effort. Such analysis requires an indication of the variability in the metric being 
assessed [nesting effort]; we used a coefficient of variation (CV = 0.47) derived from the six estimates of 
total nesting effort (i.e. upper and lower limits from each of the aerial surveying seasons). With 30 years 
of surveying, a 10% change in nesting abundance could be detected, but with a power of 0.06. Power 
typical represents the probability of rejecting a null hypothesis which is, indeed, false, thereby minimising 
the opportunity of a type II error in statistical testing (Gerrodette 1987); power is commonly set to be 
0.8. Such little statistical power even after 30 years surveying indicates the low degree of confidence that 
should be placed in detected trends that are base on large CV and comparatively small changes in 
nesting effort. 
 
We suggest that existing data on nesting effort are too variable to permit estimating statistically robust 
changes in the population within a short time frame. The future strategy should adopt a survey 
frequency that minimises the CV of the estimates of nesting effort both within and among seasons. 
Increasing within season aerial surveying will help achieve this goal and assist in describing the seasonal 
patterns of nesting along the entire coastline. Future planning should be focused towards taking a multi-
decadal approach. Given the variable fidelity exhibited in nest site selection (Witt et al. In Press) it is also 
recommended that efforts be made to integrate data with those collected in the north of the Republic 
of the Congo, whose beaches host leatherback nesting that runs in a north-south continuum from 
Pongara National Park to the Conkouati-Douli National Park in the Republic of the Congo. Deriving 
more robust estimates of total female population size for the South Atlantic will also be aided by the 
gathering of population specific metrics on re-migration intervals, clutch frequencies and sex ratios both 
of adults at sea and of hatchlings on the nesting beaches. 
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Figure 1. Coastal National Parks and Reserves of Gabon. Empty circles indicate aerial survey ground 
truthing regions. Labelled regions (Pongara, Iguela, Gamba and Bame) also contributed daily count data 
of leatherback turtle activities for the construction of seasonal nesting activity curves. Labels: Pongara 
National Park (PN), Wonga Wongue Reserve (WW), Loango National Park (LO), Sette Cama Reserve 
(SC), Ouangu Reserve (OU) and Mayumba National Park (MN). 
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Figure 2. Ground truthing. Counts of nests taken from spatially congruent ground patrols regions and 
aerial survey sectors. Solid line is linear regression (y = 1.097x +0.52, R2 = 0.99). Line of equivalence 
(dashed line).
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Figure 3. Proportion of total nests counted in each survey, binned to 10-km latitudinal bands. (a-c) 
Surveys 1-3, 2002-2003, (d-f) Surveys 1-3, 2005-2006 and (g-i) Surveys 1-3, 2006-2007. Solid bars 
indicate those bands within National Parks and Reserves; hatched bars are those occurring outside of 
National Parks. 
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Figure 4. Proportion of total nests counted for each survey that occur within Gabon Nationals Park and 
Reserves during early, mid and late aerial surveys for (a) 2002-2003, (b) 2005-2006 and (c) 2006-2007. 
Pongara National Park (PN), Wonga Wongue Reserve (WW), Loango National Park (LO), Sette Cama 
(SC), Ouanga Reserve (OU) and Mayumba National Park (MN). 
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Figure 5. 7-day kernel smoothed nesting frequency distribution of leatherback turtle nests. (a) Pongara 
2006-2007, (b) Iguela 2006-2007, (c) Bame 2006-2007, (d) Gamba 2003-2004, (e) Gamba 2004-2005, (f) 
Gamba 2005-2006, (g) Gamba 2006-2007. (h) Composite seasonal distribution of nesting activity derived 
from 2006-2007 data constructed from a-c and g, (i) Composite daily mean multi-year pattern of nesting 
activity from Gamba. Vertical grey bars indicate dates of aerial surveys, date range of early (E) and late 
(L) surveys are enclosed by dashed boxes. 
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Abstract 
 
Understanding the spatial ecology of many aquatic species while in juvenile life stages is challenging due 
to their small size, which precludes the attachment of tracking technologies that routinely provide 
spatially explicit information on larger juveniles and adults. Using depth utilisation data gathered by time-
depth recorders and a simple movement model we show patterns of inferred habitat utilisation for 
juvenile hawksbill turtles occupying a shallow reef system in the Caribbean. Hawksbill turtles (n = 9, 
curved carapace length 43.9 ± 10.7 cm, range 31.2 to 60.2 cm) demonstrated diurnal patterns of 
behaviour, with greater activity and shorter dives during the day (mean duration 6.6 ± 2.7 min, range 3 
to 11.7 min) and longer less active dives during the night (mean duration 13.6 ± 7.9 min, range 5.3 to 
26.7 min). Dive metrics (e.g. dive duration and dive depth) did not allometrically scale with body size, 
which is most likely a response to the highly depth limited nature of the habitat in which the study 
population resides. The presented movement model has application to other benthic species including 
crustaceans, molluscs, flatfish (bony and cartilaginous), starfish and sea cucumbers, particularly in the 
field of invasion biology. 
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Introduction 
 
While the movements of adult marine megavertebrates are being increasingly described  (Block et al. 
2005; Bonfil et al. 2005; James et al. 2005b; Polovina et al. 2000) the elucidation of movements made by 
smaller species or early life-stages has been hindered by the pace of the miniaturisation of power 
sources, development of attachment techniques and hydrodynamic packaging of tracking units (Godley 
et al. Unpublished; Pavlov et al. 2007; Watson and Granger 1998; Wilson and McMahon 2006). For 
many species this problem has set lower limits on the size-classes that can be tracked with the more 
sophisticated power and memory demanding technologies, such as satellite tracking units and dead-
reckoning technologies. Many aspects of juvenile behaviour have therefore remained elusive to 
ecologists and conservation managers seeking to develop spatially explicit management plans. 
 
As units are typically small and comparatively inexpensive, the simple approach of the time-depth 
recorder (TDR) represents an useful and cost-effective technology for studying depth-utilisation in 
juvenile life-stages. TDRs are however limited in that they record only depth and optionally light and/or 
temperature. These data make it difficult to ascertain habitat use with a spatial context; particularly for 
species or life-stages that have patterns of movement or habitat preferences not well suited for light 
geolocation techniques (i.e. crepuscular diving, preference for turbid water or frequent short range 
movements). It has however been possible to undertake migratory route reconstruction of plaice 
(Pleuronectes platessa) instrumented with TDRs by integrating depth utilisation data with information on 
tidal characteristics and seabed depth (Hunter et al. 2003; Metcalfe and Arnold 1997). 
 
Reef living is thought to be an obligatory life history phase for juvenile hawksbill turtles (Eretmochelys 
ibricata) recruiting from oceanic environments (Musick and Limpus 1997); a process that is accompanied 
by an ontogenetic dietary shift to spongivory (Bjorndal 1997; Meylan 1988). Hawksbill turtles are an 
important predator on sponges in reef systems (Hill 1998; Leon and Bjorndal 2002). Patterns of habitat 
occupation on reefs will be driven by several factors, including the spatial distribution of preferred 
dietary items, an individual’s relative capacity to dive to exploit these items and predator avoidance 
tactics (van Dam and Diez 1996). We might therefore broadly predict that the smallest recruits occupy 
the shallowest regions of a reef, particularly where sponges are plentiful and predator access is 
restricted. As their size/mass and subsequent capacity to attain greater dive depths increases 
(Hochscheid et al. 2007; Mori 2002) larger juvenile turtles should be able to transit to deeper habitats in 
search of food, driving niche partitioning and limiting resource depletion. 
 
Here we develop an inferential geolocation technique to describe likely spatial patterns of reef 
occupation. The technique integrates information gathered from TDRs, a digital elevation model built 
from standard bathymetric navigation charts, real-time tidal data and a depth-constrained movement 
model. In addition to gaining insights into patterns of habitat usage we describe dive metrics across a 
broad size range of juvenile hawksbill turtles occupying a shallow reef system. 
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Methods 
 
Study site 
 
The inshore habitat south of Anegada (British Virgin Islands, Figure 1a-c) is characterised by tidally-
dominated patch reefs. This habitat has been the focus of research investigating the composition and life 
history traits of hawksbill turtles. Morphometric data collected during long-term surveying demonstrates 
that shallow boat-accessible regions (predominantly ≤ 1 m depth) support a broad size distribution of 
hawksbill turtles (curved carapace length - CCL at first capture n = 229, 37.1 ± 10 cm, range 19 to  
87 cm).  
 
 
Turtle capture, instrumentation and recapture 
 
Work was permitted by the Conservation and Fisheries Department of the British Virgin Islands 
Government. All descriptive statistics are given as mean ± 1 standard deviation (SD). Hawksbill turtles 
(n = 20, CCL 44.7 ± 10.1 cm, range 29 to 64 cm) were caught using a rodeo style technique (Limpus and 
Reed 1985). Turtles were visually identified in shallow waters by crew members surveying aboard a 
Boston Whaler visually searching the surrounding habitat. Once a turtle was identified the boat would 
approach and the turtle would become motionless on the seabed. In some cases it was necessary for the 
boat to follow the turtle until it became stationary. A crew member would then jump from the vessel to 
capture the turtle. Smaller individuals were captured with hands placed either side of the carapace; 
larger turtles were captured with hands positioned at the leading and trailing edges of the carapace. 
Captured hawksbill turtles were instrumented with Time Depth Recorders (TDRs, model LTD1110, 
weight in air 5 g; Lotek Wireless Inc, Ontario, Canada) and acoustic transmitters (models V13 and V16; 
weight in air 11.4 and 24.9 g respectively; Vemco, Nova Scotia, Canada). Morphometric measurements 
were recorded for each captured individual. Seabed depth, measured using a hand-held depth 
echosounder, and a GPS derived position were recorded for each capture, release and subsequent 
recapture location. TDRs recorded pressure (pounds per square inch – PSI) and ambient temperature 
(°C) at a temporal resolution of 10 seconds to a maximum of 7.6 days with a depth resolution of 0.05 m 
with ± 1% accuracy. TDRs and acoustic transmitters were housed together in bespoke fabricated plastic 
units (Blumenthal et al. Unpublished). The mean total package weight as a percentage of body weight (in 
air) was 1.3 ± 0.9 g, range 0.3 – 3.6 %. Each unit was attached to the posterior left or right sections of 
the carapace using two-part epoxy resign (Power-Fast). Epoxy was allowed to cure for 30 minutes; 
turtles were subsequently released showing no apparent problems with diving or surfacing. 
 
The study area was surveyed (n = 36 days) to relocate instrumented turtles with an acoustic receiver 
(VR100; Vemco, Canada) from five days following deployment of the first TDR. Housings were removed 
from all recaptured individuals (n =11) without causing damage to the carapace. 
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Data handling 
 
Pressure and temperature data were downloaded from retrieved TDRs; this process resulted in nine 
usable datasets (turtles labelled A – I based on increasing CCL). Pressure data were converted to depth 
using the relationship 1 m = 1.45 PSI. To ensure all surfacing events occurred at zero depth a correction 
was applied to each TDR dataset. On an hourly basis the difference between the minimum depth value 
recorded and zero was ascertained. All depths recorded within that hour were subsequently corrected 
by this difference. Dives were considered to be periods of submergence greater than 0.25 m depth for 
longer than 1 minute. From each turtle’s TDR dataset we calculated summary dive metrics, including a) 
maximum depth recorded while at large, b) duration, maximum depth and coefficient of variation (CV) 
for each dive, and c) mean dive duration, mean maximum dive depth and mean CV for dives occurring 
during the hours of day and night. Due to the exceptionally shallow nature of the occupied habitat we 
calculated CV for each dive using all depth data greater than the depth threshold. Day and night were 
defined by the mean civil dawn and dusk times for the period when TDRs were recording (9th July – 9th 
August 2005), which were 05:53 and 18:54 hrs respectively. These times were calculated using solar 
position equations available from the National Oceanic and Atmospheric Agency 
(http://www.srrb.noaa.gov/highlights/sunrise/solareqns.pdf, accessed 4 September 2007). 
 
 
Tidal data and digital elevation model 
 
Data on the tidal movement of water TDR-instrumented turtles were at large were collected at a 10-
minute frequency using a pressure (depth) logger attached to the seabed (Figure 1b, Minilog; Vemco, 
Canada). A digital elevation model (DEM) of seabed depth of Anegada was constructed using depth 
soundings taken from standard navigation charts. These charts were georeferenced in ArcMap 
(Environmental Systems Research Institute, USA) and the geographic position of depth soundings 
recorded. The soundings were used to form a continuous surface of depth at 50 m horizontal intervals 
using the MATLAB griddata function with cubic interpolation (MATLAB Version 7.1.0.246; The 
MathWorks, USA). 
 
 
Movement model 
 
We used a depth-constrained movement model to ascertain areas of potential habitat utilisation for 
turtles D, E and H, whose patterns of vertical habitat utilisation indicated movement away from the 
confines of the inshore reef. For the six remaining turtles (A-C, F, G and I) depth utilisation was 
constrained to ≤ 3 metres, seabed topography of the region (Figure 1b) is sufficiently alike to limit the 
utility of the movement model. Using TDR data from each turtle the movement model ascertained the 
depth and time of the maximum depth visited within sequential 30-minute time-steps. The procedure 
assumed that in each time-step the turtle visited the seabed. Using these time-step depths the 
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movement model attempted to construct potential walks across the Anegada DEM. We tidally adjusted 
all time-step depths using the temporally closest water-column depth from the tidal logger to ensure 
that accurate spatial matches between these depths and the DEM could be identified. For each time-step 
depth the movement model identified matching seabed depths and their geographic coordinates, with a 
± 0.25 m tolerance, within a fixed search radius (2.5 km) from the turtle’s present location. Walks were 
started on the digital elevation model at each turtle’s release location. The search radius permitted a 
theoretical maximum sustained transit speed of 5 km h-1 (Luschi et al. 1998). Geographic coordinates to 
which the walk could then progress were randomly selected from the list of depth-appropriate 
coordinates. This process of movement was repeated until all time-steps had been utilised for the 
duration of time at large. At each time-step, the progressing walk was permitted to remain stationery 
should the present location be randomly selected over available alternate coordinates. The walk 
procedure was repeated 1000 times per turtle; however, walks were terminated prior to completion 
whenever depth-appropriate locations could not be identified within the search radius.  
 
Maps of inferred habitat occupation for turtles D, E and H were constructed using walks that 
successfully utilised all times-steps (turtle D, n = 953 random walks; turtle E, n = 999 random walks and 
turtle H, n = 549 random walks). These successful walks were interpolated to a 100 m linear interval 
assuming principles of straight-line movement between time-steps. The spatial density of these 
interpolated positions was ascertained using a grid with a 100 m x 100 m pixel resolution. The density 
value assigned to each pixel represented the number of interpolated walk positions coincident to that 
pixel. These values were subsequently expressed as a proportion of the grid maxima. 
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Results 
 
During a 23 day period (9th July – 1st August 2005) 20 hawksbill turtles were instrumented with 
combined TDR and acoustic transmitter packages. We recaptured 11 of these turtles and successfully 
downloaded nine datasets. The mean CCL of the recaptured group was 43.9 ± 10.7 cm (range 31.2 to 
60.2 cm) and were at large for a period of 14.9 ± 12.5 days (d) (range 6 to 35 d). Recaptured turtles 
provided 6.1 ± 1.4 d of data (range 3.6 to 7.6 d). The mean distance between capture and recapture 
locations was 1 ± 0.9 km (range 0.1 to 2.3 km), see Figure 1c. Distances between capture and recapture 
sites did not correlate with respective times at large (Spearman rank correlation, rs = -0.2, p > 0.05) or 
body size (Spearman rank correlation, rs = -0.05, p > 0.05). 
 
Data recorded prior to the first midnight following deployment (0.5 ± 0.1 d of data turtle-1) were 
withheld from statistical analysis, but not from the movement models. Turtle H (54 cm CCL) reached 
the maximum recorded depth of the study group; reaching 23.1 m at 11:04 am on day seven of TDR 
deployment. Maximum depth recorded for each turtle did not correlate with their respective CCL 
(Spearman rank correlation, rs = 0.28, p > 0.05). Mean maximum dive depth attained by turtles A to I 
was 4.9 ± 7.1 m (range 0.8 to 23.1 m). Dives made during the hours of darkness (13.6 ± 7.9 min, range 
5.3 to 26.7 min) were significantly longer than those occurring during daylight hours (6.6 ± 2.7 min, 
range 3 to 11.7 min; Wilcoxon paired-sample test, signed rank = 0, n = 9 pairs, p < 0.01); see figure 2 
for depth utilisation behaviour from three selected turtles. The mean maximum dive depth utilised at 
night was 1.1 ± 1.4 m (range 0.3 to 4.8 metres) and during the day 1.2 ± 1.3 m (range 0.4 to 4.6 m). 
Night time maximum dive depths did not differ significantly from daylight maximum dive depths 
(Wilcoxon paired-sample text, signed rank = 12, n = 9 pairs, p > 0.05). 
 
To derive an approximate measure of activity we calculated the coefficient of variation (CV) for each 
dive. CV is a dimensionless measure of relative variability about the mean (Zar 1999). Turtles 
demonstrated greater mean CV for dives made during daylight (0.24 ± 0.05) than those made during the 
hours of darkness (0.15 ± 0.02; Wilcoxon paired-sample test, signed rank = 0, n = 9 pairs, p < 0.01); see 
Figure 3 for temporal patterns of CV from three turtles with the longest data recording periods.  Of the 
nine turtles instrumented with TDRs, three individuals (turtles D, E and H) moved away from the 
confines of the inshore reef. To understand the potential habitat utilisation patterns of these turtles we 
contrasted potential habitat demarcated with a depth contour drawn at the maximum depth observed 
for these turtles (Figure 1b) with patterns of utilisation derived from a movement model (Figure 5). The 
vertical profile of tidally-corrected maximum depths visited at 30-minute intervals for these three turtles 
is shown in Figure 4.  
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Habitat use derived from the movement model indicated that for turtle D (Figure 5a and d) the centre 
of activity was most likely focused on deeper waters to the south-west of Anegada reef. This turtle was 
at large for nine days following cessation of data capture. For turtle E the inferred pattern of occupation 
was more diffuse (Figure 5b and e), with a greater number of walks moving onto the eastern limb of the 
reef. Turtle E spent the first 2.5 d in waters of less than 1.25 m depth before moving to deeper water 
and finally returning to shallow water (≤ 1 m depth) prior to recapture (Figure 4b). This turtle was 
recaptured while the TDR was recording on July 20th 2005 in 0.9 m depth. Habitat utilisation for this 
individual manifests itself as an arc of increased likelihood immediately south of Anegada. For turtle H 
(Figure 5c and f) that occupied the deepest waters of all TDR-instrumented turtles presence appears to 
be focused eastern sector of Anegada, particularly along areas with steep elevation extending from the 
eastern arm of the reef. The vertical profile for this individual shows the first 3 days were spent in 
shallow waters ≤ 1m (Figure 4c). Following this period the turtle moved in a daily step-wise manner to 
increasing depths. This turtle was recaptured 25 days later in 1 m depth.  
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Discussion 
 
Determining patterns of habitat utilisation remains challenging for many juvenile life-stages and smaller 
species that can not be tracked with larger satellite communicating devices. This limitation has meant 
many studies have been short in duration and/or limited to species or life-stages that exhibit strong site 
fidelity so that archival instrumentation that are commonly smaller (e.g. TDRs) can be retrieved. 
 
In this study the recaptured group of hawksbill turtles provided depth utilisation information from 
across the size class of turtles commonly encountered in the inshore reef. There was no apparent 
scaling of dive metrics (i.e. maximum dive depth, dive duration) with body size; although this may be a 
reflection of both the study site and the recording duration of the TDRs. This lack of allometric scaling 
is contrary to that found in similar sized juvenile hawksbill turtles occupying deeper reef and reef-wall 
habitats, which no doubt provide a greater choice of depths at which to rest and forage (Blumenthal et 
al. Unpublished; van Dam and Diez 1996). 
 
The shallow nature of the inshore Anegada reef and the tendency for the instrumented turtles to 
remain within this region prevented behavioural categories (e.g. foraging, resting) from being 
consistently assigned to individual dives based on dive profile shape. We could however identify a strong 
day-night signal in dive behaviour. Dives made during the hours of darkness were longer than those 
undertaken during daylight. In addition, there was a noticeable reduction in activity levels during hours 
of darkness (tendency to remain at a constant depth). Taken together these observations would suggest 
periods of increased inactivity at night, which has been reported for other juvenile hawksbill populations 
(Blumenthal et al. Unpublished; Storch et al. 2005; van Dam and Diez 1996, 1997). Selected night-time 
dive depths in our study group did not differ from those occurring during the day. This observation 
highlights the influence of a depth-limited environment on habitat utilisation behaviour. 
 
Fidelity of juvenile hawksbills turtles to the inshore reef observed in this TDR study and from recapture 
data collected during long-term monitoring at the site (2003-2006, unpublished data), would suggest that 
home ranges are small. Yet frequent surveying and recapture over the period of days and weeks will 
most likely bias home range estimates. Distances between recapture locations and the movement model 
density grid maxima for each individual (Figure 5 d-f) were 2, 5 and 8 km respectively for turtles D, E 
and H. While our habitat utilisation model is inferential, such distances indicate that home ranges may be 
in the order of a few square kilometres, somewhat larger than that reported for hawksbills at Mona 
Island, Puerto Rico, 0.07 – 0.21 km2 (van Dam and Diez 1998). Distances between capture and 
subsequent recapture locations however broadly corresponded with those reported for juvenile 
hawksbills (Blumenthal et al. Unpublished; van Dam and Diez 1997). 
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From recorded patterns of vertical habitat utilisation we identified that movement away from the 
inshore reef occurred in some of the larger individuals for short periods of time. These movements may 
represent foraging trips, perhaps indicating a degree of intra-specific resource partitioning with 
increasing body size/age. From our limited deployments it is not possible to ascertain whether such 
behaviour is seasonally driven. To understand the potential patterns of habitat utilisation in these deeper 
diving individuals we developed an inferential geolocation technique that utilised a simple movement 
model. This approach provided information beyond that offered by simple demarcation on a map of the 
maximum dive depth recorded for each individual. The movement model suggests that these individuals 
most likely remain in the vicinity of Anegada; predominantly to the south.  
 
The object of the movement model was to describe a spatial tendency of where individuals might reside 
while at large. We chose to model movement using an approach analogous to a random-walk, but with 
the constraint that each movement was limited to seabed depths matching depths recorded by the 
animal borne TDR. It was not our intent to develop a movement model that exactly replicates 
movement. Our objective was to construct a movement model that integrates information on the local 
environment (bathymetry and tide). We feel this approach is appropriate to identify probable areas of 
occupation and importantly allows movement modelling at an individual-based level. A caveat to the 
model is our assumption that individuals must have been in contact with the seabed at least once every 
30-minutes, we feel this is realistic and valid assumption in a predominantly benthic feeder. 
 
Our inferential geolocation technique has utility in the study of spatial ecology of other, predominantly 
benthic marine taxa, including crustaceans, molluscs and fish (e.g. lobsters, conch and non-sessile bivalve 
molluscs and rays). The methodology could also provide important information for research into 
invasion biology such as deriving home ranges and dispersal rates for benthic species, such as star fish 
(De'ath and Moran 1998) and sea cucumbers (Kirshenbaum et al. 2006). The comparative simplicity of 
the methodology and the inexpensive nature of TDRs mean that when integrated with high resolution 
bathymetric surveying the method may become particularly useful for gathering spatially and temporally 
explicit information from a large group of individuals across a broad size range at multiple locations.  
 
The ability of the model to reflect biologically meaningful movement patterns may be enhanced through 
the addition of parameters describing species-specific attributes on movement (e.g. transit speeds 
derived from SCUBA observation, behaviour relating to sessile periods linked to time of day). Additional 
layers of environmental information may also be integrated including maps of benthic substrate 
composition. Such layers could be used to limit the where progressing quasi-random walks may 
proceed; thereby focusing model walks to areas most likely occupied. The methodology may be 
particularly useful when frequent use of acoustic detection systems or SCUBA based observations is 
limited. 
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Figure 1. Regional geography of the northern Caribbean. (a) Map showing the location of the British 
Virgin Islands. (b) Local bathymetry around Anegada, British Virgin Islands. Areas of potential occupation 
are identified by contours drawn at the maximum recorded depth for turtles A, B, C, F and I (≤ 3 
metres), turtles D and E (≤ 6 m) and turtle H (≤ 23 m). (c) Inshore Anegada south reef. Empty and filled 
symbols represent the capture and recapture locations respectively of hawksbill turtles (A - I). Black 
dashed lines connect capture and recapture positions for each turtle.
(a) 
(b) 
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Figure 2. Depth utilisation behaviour of turtles B, D and H during a period of day (plots a-c, 08 to 12 
hrs) and night (plots d-f, 00 to 04 hrs).
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Figure 3. Mean 4-hourly coefficient of variation (solid line) for turtles A, D and H (plots a to c). Dashed 
line is mean ± 1SD. Periods of night, approximating to 18:00 to 06:00 hrs, are indicated by vertical 
hatched bars
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Figure 4. Tidally adjusted 30-minute maximum depth profiles for turtles D, E and H (plots a to c). 
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Figure 5. Depth-constrained random walks (plots a to c) and derived patterns of potential habitat 
utilisation (plots d-f) for individuals D, E and H. Broken lines show depth contour demarcating deepest 
depth recorded for each turtle. Each random-walk plot shows 10 example walks with their respective 
end points (filled triangles). Release and recapture locations are shown by empty and filled circles. 
Broken line shows depth contour demarcating deepest depth recorded for each turtle. Potential habitat 
utilisation (plots d to f) is shown using a 100 m x 100 m grid derived from random-walk along-track 
interpolated locations (100 m intervals). Regions of greater intensity indicate areas that received a 
greater proportion of interpolated walk positions. Release and recapture locations are shown by empty 
and filled circles respectively. White empty cross in plots d to f indicate location of the greatest density 
of interpolated walk positions.
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Abstract 
 
We present data spanning approximately 100 years regarding the spatial and temporal occurrence of 
marine turtle sightings and strandings in the northeast Atlantic from two public recording schemes and 
demonstrate potential signals of changing population status. Records of loggerhead (n = 317) and 
Kemp’s ridley (n = 44) turtles occurring on the European continental shelf were most prevalent during 
the autumn and winter, when waters were coolest. In contrast, endothermic leatherback turtles (n = 
1668) were most common during the summer and autumn. Analysis of the spatial distribution of hard-
shell marine turtle sightings and strandings highlights a pattern of decreasing records with increasing 
latitude. The spatial distribution of sighting and stranding records indicates that arrival in waters of the 
European continental shelf is most likely driven by North Atlantic current systems. Future patterns of 
spatial-temporal distribution, gathered from the periphery of juvenile marine turtles habitat range, may 
allow for a broader assessment of the future impacts of global climate change on species range and 
population size. 
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Introduction 
 
For hard-shell marine turtles, the development to mature adult involves a progression through several 
life phases and spatially discrete habitats (Musick and Limpus 1997). Of these life history phases, the 
juvenile oceanic stage remains the most elusive in terms of monitoring animal movement and identifying 
patterns in distribution and abundance. For loggerhead turtle hatchlings (Caretta caretta) that emerge 
from northwest Atlantic beaches oceanic dispersal is thought to involve the North Atlantic gyre (Bolten 
2003; Carr 1987). Similarly, Kemp’s ridley post-hatchling turtles (Lepidochelys kempii) from the Gulf of 
Mexico can also use the North Atlantic gyre as a developmental habitat prior to returning to neritic 
environments (Collard and Ogren 1990). Observations on the movements of post-hatchling juvenile 
turtles in ocean currents often report a spatial association with sargassum aggregations (Carr 1986; Carr 
1987), particularly those forming at downwelling systems (Witherington 2002). The duration of this 
oceanic phase is thought to be highly variable. For loggerhead turtles, growth models suggest the 
oceanic phase from hatching to recruitment to neritic habitats may range between 6.5 and 11.5 years, 
with individuals attaining curved carapace lengths of 46 to 64 cm (Bjorndal et al. 2000).  
 
The presence of loggerhead and Kemp’s ridley turtles in the Azores archipelago has implicated the 
North Atlantic gyre as a feature that drives oceanic dispersal of post-hatchling marine turtles (Bolten 
and Martins 1990; Bolten et al. 1993; Brongersma 1972, 1995; Eckert 1989). The island group is 
positioned within the northeast traversing arm of North Atlantic gyre, and it would appear that the gyre 
currents provide a copious source of oceanic recruits. Reports of juvenile loggerhead turtles in Madeira 
and the Canary Islands, which border the periphery of the North Atlantic gyre, and are upstream of 
nesting beaches on the West African Atlantic coast (Fretey 1998), lend further support to this gyre-
mediated dispersal mechanism. Further indication of basin wide movement has come from mitochondrial 
DNA analysis of juvenile loggerhead turtles from the Azores, Madeira and the Mediterranean (Bolten et 
al. 1998; Laurent et al. 1998). Many sampled individuals expressed genetic markers suggesting their 
origin as from the Americas. 
 
In recent decades there has been an increasing number of reports that demonstrate transatlantic 
passage from the USA to the European continental shelf (Bolten et al. 1992; Brongersma 1972; 
Penhallurick 1990; Wibbels 1983). This period of transatlantic drift from the coast of the USA to the 
British Isles has been estimated at 1.8 to 3.75 years (Hays and Marsh 1997). Originally, such incidents 
were thought to represent nonviable derelict individuals from northwest Atlantic coast populations 
(Carr 1987). However, the establishment of reporting schemes in Europe have shown that the 
magnitude of marine turtle sightings and strandings is appreciable. Without careful consideration, 
analysis of data taken from reporting schemes can be problematic, most notably because it is not 
possible to make rigorous effort-related correction. Nonetheless, spatio-temporal trends that may arise 
from several thousand validated records, collected over nine decades, are likely to be instructive and 
offer insights into a life history phase and part of their geographic range for which there is a paucity of 
published literature.  
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Data on marine turtle sightings and strandings from the northeast Atlantic has not been subject to 
detailed analysis since the seminal work of Brongersma (1972). This region of the Atlantic Ocean may 
serve as a location from which to measure changes in population structure, and provide information that 
contributes to a greater understanding of the physiological and oceanographic factors that define the 
range of these species. 
 
We set out to determine the spatial and temporal trends for sightings, strandings and captures of hard-
shell marine turtles in the northeast Atlantic from two recording schemes. To understand how the 
physical structuring and seasonality of environmental conditions in the North Atlantic might affect the 
presence of hard-shell marine turtles, we also analysed public sightings records for the endothermic 
leatherback turtle (Dermochelys coriacea), a species that seasonally frequents British coastal waters during 
the boreal summer and autumn (Godley et al. 1998). 
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Methods 
 
Records of sightings and strandings of marine turtles in the British Isles were obtained from the TURTLE 
database operated by Marine Environmental Monitoring (Penrose 2005). TURTLE is multi-agency 
project that commenced in 2001 to act as a repository for records of marine turtle sightings, strandings 
and captures. Reports of such events are received from members of the public, governmental agencies 
or marine environmental organisations. Regularly, these groups collect morphometric and pertinent 
ancillary data (e.g. geographic location) from stranded individuals and arrange for either rehabilitation or 
necropsy. Appropriate data is then passed to the TURTLE coordinator and it is validated and 
subsequently added to the project database, which also contains historic records of marine turtle 
sightings, strandings and capture since c.1758. Historic records were sourced from published literature, 
unpublished data and governmental reports (e.g. English Nature, Scottish Natural Heritage) (Brongersma 
1972; Penhallurick 1990). Such records were stringently validated and subsequently added to TURTLE. 
We chose to use TURTLE records from 1910 to 2003. Prior to 1910 records became increasingly 
sparse in the data they contained. For records of at-sea sightings we used those records where the 
turtle was subsequently landed and species confirmed. We are therefore confident that species 
identification was robust. Records of marine turtle sightings, strandings and captures occurring in French 
waters originated from annual sightings and strandings publications of Duguy and colleagues (Duguy 
1986a, b, 1988a, b, 1989, 1990, 1992, 1993, 1994, 1995, 1996, 2004; Duguy and Duron 1982, 1983, 
1985; Duguy et al. 1980; Duguy et al. 1997a, 1999, 2000, 2001, 2002, 2003; Duguy et al. 1997b). Records 
presented in Duguy publications prior to 2001 contained only geographic location descriptions for 
sightings and strandings events; providing no geographic coordinates with error estimates. Longitude 
and latitude positions for these events were estimated to be the closest coastal point to the given 
location. Duguy publications from 2001 and onwards were accompanied by maps displaying the 
approximate location of sightings and strandings. These maps were digitised and georeferenced and the 
coordinate positions determined for all appropriate records. 
 
Sea surface temperatures (SST) were determined for records of sightings and strandings from a monthly 
1° spatial resolution SST product - Hadley Ice and Sea Surface Temperature (Rayner et al. 2003). It was 
not possible to extract sea surface temperature from the Hadley SST product for all records due to 
variable positional accuracy. Events where this problem occurred were excluded from statistical analysis 
involving sea surface temperature. 
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Results 
 
For the period 1910 to 2003 (British Isles 1910–2003 and France 1990–2003) we identified 2042 
records of marine turtle sightings, strandings and captures. This dataset contained 1668 leatherback 
turtle records (British Isles n = 650 and France n = 1018) and 374 hard-shell turtle records. Of these 
records, 317 were of the loggerhead turtle (British Isles n = 123, France n = 194) and 44 of Kemp’s 
ridley turtles (British Isles n = 28, France n = 16). Both regions recorded events of green turtle (Chelonia 
mydas) strandings (British Isles n = 5, France n = 7). There was a single stranding event of a hawksbill 
turtle (Eretmochelys imbricata) in Ireland in 1983. The British Isles reported 6 capture events (loggerhead 
n = 4, Kemp’s ridley n = 2) while France reported 11 capture events (loggerhead n = 10, Kemp’s ridley n 
= 1). Captures represented 4.5% of hard-shell turtle records; for the purposes of statistical analysis we 
combined these records with those of live sightings and strandings. 
 
 
Decadal and annual patterns 
 
The decadal patterns of sightings and strandings recorded for loggerhead, Kemp’s ridley and leatherback 
turtles are shown in Figure 1. Records of loggerhead turtles in the British Isles (Figure 1a) increased 
from 1910s until the 1950s, declining to minima during the 1970s. Since the 1980s records have 
increased to unparalleled levels. Figure 1b displays the decadal trend for Kemp’s ridley records; this 
demonstrates an increase in records from the 1910s to 1930s/1940s. Following this period, both the 
1950s and 1980s experienced no records of sightings or strandings and there is an evident decline in the 
number of records. For hard-shell turtles recorded in the British Isles, we found no significant 
correlation in the decadal total of records occurring in the period 1910 to 2003 (Spearman Rank 
Correlation - loggerhead rs = 0.6, P > 0.05 Figure 1a; Kemp’s ridley rs = -0.3, P > 0.05 Figure 1b). When 
comparing the decadal patterns of records for loggerhead and Kemp’s ridley turtles we observed no 
correlation in the frequency of records over time (Spearman Rank Correlation rs = 0.05, P > 0.05). 
Leatherback turtle records occurring in the British Isles (Figure 1c) demonstrated a consistent decadal 
increase, with the exception of the 2000s that contain only 4 years data, 2000-2003 (Spearman Rank 
Correlation rs = 0.95, P < 0.001). We found no significant trends in the annual number of records 
occurring in the French dataset (1990-2003, Spearman Rank Correlation - loggerhead rs = 0.13, P > 0.05, 
Kemp’s ridley rs = ¡0.07, P > 0.05, leatherback rs = 0.35, P > 0.05). However, when comparing the 
annual incidence of records from the British Isles and France for the period 1990–2003 (Figure 1d–f) we 
found statistically significant correlations for all species (Spearman Rank Correlation - loggerhead rs = 
0.56, P < 0.05, Kemp’s ridley rs = 0.6, P < 0.05 and leatherbacks rs = 0.55, P < 0.05). 
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Spatial distribution 
 
Figure 2 displays the position of records for loggerhead (Figure 2a, British Isles n = 124, France n = 175) 
and Kemp’s ridley turtles (Figure 2b, British Isles n = 25, France n = 15). For the majority, sightings and 
strandings occurred on the western aspect of the British Isles and France, and on adjacent shores of the 
English Channel. For loggerhead and Kemp’s ridley turtles in the British Isles we found a significant 
negative correlation between the number of records and increasing latitude (loggerhead - Pearson  
r = -0.78, P < 0.05, Kemp’s ridley - Pearson r = -0.76, P < 0.05). A significant pattern of decreasing 
incidence of loggerhead turtle records with increasing latitude was also identified on the French coast 
(Pearson r = -0.97, P < 0.05) but not for Kemp’s ridley turtle records (Pearson r = -0.53, P > 0.05). 
When combining records from the British Isles and France for the period 1990–2003, we found the 
number of loggerhead turtle records to decrease with increasing latitude (Pearson r = -0.8, P < 0.001). 
Repeating this exercise for Kemp’s ridley turtles yielded a broadly similar, but not statistically significant, 
pattern (Pearson r = -0.4, P > 0.05). We calculated the proportion of loggerhead and Kemp’s ridley 
turtles recorded as dead at each latitudinal band, but the proportion dead did not correlate with latitude 
(loggerhead - Pearson r = 0.39, P > 0.05, Kemp’s ridley - Pearson r = 0.21, P > 0.05). 
 
 
Seasonal patterns 
 
The cumulative monthly frequencies of sighting and stranding records for loggerhead, Kemp’s ridley and 
leatherback turtles for Britain and France are displayed in Figure 3. Loggerhead turtle records (Figure 3a, 
b) occurred year-round. For the British Isles (Figure 3a) the core distribution occurred between 
November and March, while in France (Figure 3b) it was between January and April. Restricting 
statistical analysis to records of loggerhead turtles reported alive we found that the monthly patterns 
experienced by each regional dataset differed significantly (Mann Whitney U = 2540.5, P81,148 < 0.001, 
British Isles - median December, France - median March). We adopted this approach as data were not 
available on the state of decomposition for many of the turtles reported dead; hence, these individuals 
may have been floating for an undetermined time prior to being discovered. In the British Isles the 
distribution of Kemp’s ridley turtle records (Figure 3c) occurred between October and February, and 
for the France between October and April (Figure 3d). The monthly pattern of Kemp’s ridley turtles 
reported as alive differed significantly between regions (Mann Whitney U = 32, P13,14 < 0.05, British Isles: 
median December, France: median January). Leatherback turtle record distribution was most 
pronounced during the summer and then declined during the late autumn and winter (Figure 3e, f). The 
monthly distributions of records for leatherback turtles from the British Isles and France did not differ 
significantly (Mann Whitney U = 271742, P562, 1018 > 0.05, British Isles and France: median August).  
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Distribution versus sea surface temperature 
 
Mean monthly sea surface temperature was successfully extracted for 322 hard-shell turtle records 
(British Isles-loggerhead n = 102, Kemp’s ridley n = 21; France-loggerhead n = 183, Kemp’s ridley n = 
16). When comparing the SST estimates for loggerhead turtle records (Figure 4a) to the thermal 
threshold reported to induce floatation (9.5°C (1978)) we found 276 records (97% of records) 
exceeded this threshold (95% of dead records, 98% of live records). For Kemp’s ridley turtles (Figure 
4b), 34 records (92% of records) exceed the 10°C floatation threshold (1978) (90% of dead records, 
93% of live records). When combining records from the British Isles and France we found that mean sea 
surface temperature for loggerhead turtles reported as dead was significantly lower than that of those 
reported as alive (Mann Whitney U = 6171, P77,208 < 0.05, dead: mean 12.7°C ± 2.9 SD, range 8.5 to 
20.5°C; live: mean 13.1°C ± 2.3 SD, range 8.5 to 22°C). This trend was similarly evident for Kemp’s 
ridley records (Mann Whitney U = 73.5, P10,27 < 0.05, dead: mean 11.2°C ± 1 SD, range 9.9 to 12.9°C; 
live: mean 12.1°C ± 1.2 SD, range 9.5 to 15.6°C). Figure 4c and d show the monthly mean sea surface 
temperature (SST) profiles for the period of 1910–2003 (49°N-60°N,12°W-5°E) and 1990-2003 (43°N-
49°N,12°W-5°E) respectively. Winter-time temperatures for the British Isles commonly fall below the 
thermal threshold reported to induce floatation (Schwartz 1978); whereas, temperatures experienced in 
French waters do not. 
 
 
Body size 
 
A total of 258 records contained data on straight carapace length (SCL) (Figure 5), 217 of which were 
measurements for loggerhead turtles (British Isles n = 56, mean 29.4 cm ± 17.8 SD, range 13.5 to 110 
cm and France n = 161, mean 24.1 cm ± 11.0 SD, range 12.5 to 97 cm). Although the vast majority of 
hard-shell turtles are juvenile, the size distributions appear to encompass at least some individuals of 
adult size; age at first maturity >74 cm SCL (Márquez 1990). The modal SCL size class for loggerheads 
turtles from the British Isles was 15–19.9 cm and for the France 20–24.9 cm, but median SCL (British 
Isles versus France) was not statistically different (Mann Whitney U = 3862.5, P56,161 > 0.05). Both the 
British Isles and France shared the same modal SCL for Kemp’s ridley turtles (20–24.9 cm), median SCL 
from these two regions did not differ significantly (Mann Whitney U = 160.5, P25, 15 > 0.05). Of the 217 
loggerhead records with straight carapace length, 215 also contained the reported status of the turtle 
(48 dead, 167 alive). For Kemp’s ridley turtles, 36 records contained both status and SCL (10 dead, 26 
alive). Median SCL of loggerhead turtles recorded as dead differed significantly from those recorded as 
alive (Mann Whitney U = 2882, P48,167 < 0.05, median: dead 20.8 cm, alive 23.8 cm). In contrast, for 
Kemp’s ridley turtles there was no significant difference in the median SCL between reports of dead and 
living records (Mann Whitney U = 125, P26,10 > 0.05, median: dead 25.2 cm, alive 25.6 cm). 
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Straight carapace length versus weight 
 
Figure 6 displays the straight carapace length (SCL) to weight relationship for 125 loggerheads (Figure 
6a) and 14 Kemp’s ridley turtles (Figure 6b). Included in Figure 6a is a SCL versus weight relationship 
derived from 375 loggerhead turtles sampled from the Atlantic coast of the USA (Braun-McNeill and 
Avens, unpublished data). With one exception, records of turtles sighted or stranded in the British Isles 
and France, with an SCL greater than 42 cm (minimum size upon which the USA relationship was 
derived), lay below this relationship. For Kemp’s ridley turtles (Figure 6b) two additional SCL versus 
weight relationships were obtained, one from the Atlantic coast of the USA (Braun-McNeill and Avens, 
unpublished data) and one from the Gulf of Mexico (Coyne 2000). 
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Discussion 
 
One response to the growing concern for the status of marine vertebrates has been the establishment 
of public recording schemes for sightings and strandings. In contrast to effort-corrected scientific 
surveys, data from such schemes are potentially biased at several levels (e.g. seasonal and spatial 
variation in recording, interannual variation in surveying). Notwithstanding, we have rigorously filtered 
and analysed such data and have identified possible seasonal, inter-annual and decadal trends that 
provide additional insight into a life history phase of hard-shell marine turtles that is little understood. 
Moreover, we identify potential long-term integrative signals of changing population status of marine 
turtles in habitats far removed from their natal beaches.  
 
For the British Isles we see three distinct species specific patterns in the incidence of marine turtle 
records. The decadal pattern of loggerhead and Kemp’s ridley records appear to reflect the historical 
events that have affected the number of nesting females, the resulting magnitude of nests laid and the 
subsequent number of hatchlings recruiting to oceanic habitats. For the Kemp’s ridley turtle the decadal 
pattern of records appears to reflect the decline and tentative recovery of this species. Prior to 1966, 
Kemp’s ridley eggs were subject to intense harvest at Rancho Nuevo in Mexico (Hildebrand 1963), the 
main nesting beach for this species, where the population was found to be in precipitous decline. We 
associate this population decline with the absence of juveniles from the British Isles from the period 
1950 to 1967. Of the four records of sightings and strandings for the 1960s, three occurred in the latter 
part of the decade subsequent to the beach protection programme and following commencement of 
work at Padre Island, Texas in 1964 to assist in restocking the species (Zwinenberg 1977). The lowest 
recorded nesting years at Rancho Nuevo occurred between 1985 and 1987, a decade during which 
there were no reports of sightings or strandings in the British Isles. A combination of turtle excluder 
devices in shrimp nets within the USA and beach protection of nests and hatchlings is thought to have 
culminated in increased nesting during the 1990s (Márquez et al. 1999; TWEG 2000) and return of 
juveniles to the British Isles during the late 1990s (1998 n = 1, 1999 n = 2). During the 1990s, 11 events 
were recorded in France (Figure 1e) with a further five events since 2000. For loggerhead turtles the 
observed decline in records from the 1960s to 1980s coincides with a period prior to the classification 
of the loggerhead turtle as an endangered species in the USA (1978) and the concomitant sharp rise in 
conservation management. We tentatively suggest the increase in records observed may be the result of 
increased hatchling recruitment since the 1980s.  
 
In contrast to hard-shell turtles, the decadal trend for leatherback turtle records in British waters 
demonstrated a consistent decadal increase. This trend is likely to reflect increasing awareness and 
promotion of public reporting schemes for marine vertebrates, but may, in part, reflect an increasing 
number of leatherbacks in the North Atlantic; a possible response to the changing distribution and 
abundance of gelatinous prey (Mills 2001). Equally, more favourable water temperatures arising from 
regional warming may have expanded the thermal niche for this species (McMahon and Hays 2006; Witt 
et al. 2007a). The overall population status of Atlantic leatherback turtles is difficult to determine. Some 
87 
 
 
 
sub-populations are thought to be increasing (British Virgin Islands (Hasting 2003); Florida USA, B. 
Witherington (pers. comm.); US Virgin Islands (Boulon et al. 1996)) while others remain stable or are 
potentially declining (Costa Rica (Troëng et al. 2004)). Important to this study is the observed trend of 
leatherback records over circa. 90 years in that it provides context with which to interpret the decadal 
pattern of hard-shell turtle records. If the number of records in any decade reflects only changing public 
awareness then we might expect the number of loggerhead and Kemp’s ridley records to have 
exponentially increased, as observed with leatherback turtle records. We make a conservative 
assumption that conservation awareness within Europe has monotonically increased during the last 
century, manifest by the increase in environmental organisations and legislation. The trends for hard-
shell turtles indicate the likely involvement of other biological, environmental or anthropogenic factors 
acting upon their distribution and abundance in the northeast Atlantic. It does, however, remain that the 
presented temporal and spatial trends, and their ability to convey indicative signals of changing 
population structure, are hindered by the lack of effort correction. This inability to correct rates of 
sightings and strandings based on survey effort increases the uncertainty when assessing extraneous 
factors that contribute to observed changes in trends of distribution. The strength of the signals 
presented here suggest that taking a decadal approach dampens much of the interannual noise generated 
by variation in the number of recruited hatchling, regional climate systems (e.g. North Atlantic 
Oscillation (1995)) and changes in survey effort. Interestingly, the significant correlations in the annual 
number of records experienced by the British Isles and France for loggerhead, Kemp’s ridley and 
leatherback turtles, at least in part corroborates that generalised patterns of changing incidence can be 
determined from independently operated public recording schemes.  
 
Analysis of the spatial distribution of records for Britain and France highlight that sightings and strandings 
occurred generally on western facing aspects and that the number of records decreased with increasing 
latitude. Factors that drive this observed spatial pattern most likely include regional wind patterns and 
surface currents, water temperature and coastal morphology (i.e. coastline tortuosity and bathymetry). 
Such factors have been identified as important for predicting cold-stunning and stranding events in Cape 
Cod Bay, Massachusetts (Still et al. 2005). Here, individuals that failed to migrate south during the North 
American autumn became cold-stunned in embayments as temperatures declined quickly; moreover, 
wind direction played an important role influencing the location of beach stranding. Regional wind 
influenced surface currents operating in the northeast Atlantic undoubtedly play an important role in 
influencing the spatial distribution of marine turtles that occupy the epipelagic realm. The aggregation of 
records on western aspects suggests arrival on the European continental shelf is most likely mediated by 
one of several routes, including the Azores current for southern latitudes (France, Spain and Portugal) 
and the North Atlantic current (see Figure 7) that flows adjacent to the continental shelf of Europe for 
more northern latitudes (England, Wales, Ireland and Scotland).  
 
For juvenile loggerhead and Kemp’s ridley turtles it is unlikely that arrival in the northeast Atlantic 
reflects the annual cycling of hatchling recruitment in the Americas. Kemp’s ridley nesting occurs 
between April and July in Mexico (Zwinenberg 1977) with periodic nesting along the USA Gulf of 
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Mexico coast (Shaver et al. 2005). By contrast, loggerhead nesting occurs over a much greater latitudinal 
and temporal range (North Carolina to Colombia) (Ehrhart et al. 2003) resulting in a more diffuse pulse 
of hatchlings entering the North Atlantic. For both species it would be expected that the seasonal pulse 
of juveniles would be considerably dampened, both spatially and temporally, as their journey across the 
North Atlantic proceeds. This dampening is potentially reflected in the broad, year-round, distribution 
of loggerhead turtle records observed. A seasonal peak is however evident, occurring in the winter and 
early spring for both species, a pattern potentially driven by the ocean environment. In addition to 
hatchlings emerging from northwest Atlantic shores, hatchlings from the West African coast (Fretey 
1998), including Cape Verde, may also contribute to the observed year-round distribution of records. 
Sea surface temperature is likely to be the factor determining the incidence of hard-shell turtles in the 
British Isles and France. For the majority, sightings and strandings of loggerhead and Kemp’s ridley 
turtles in the northeast Atlantic increase during seasonally inclement water temperature (winter and 
spring). During this period sea surface temperatures around the British Isles are within the range 
reported to induce floatation (Schwartz 1978). Presence of juvenile turtles in the northeast Atlantic 
when conditions are physiologically challenging suggests the occupation of this habitat is not the result of 
active choice - supporting a view that juvenile movement in the North Atlantic gyre can be both active 
and passive but profoundly influenced by surface currents (Bolten 2003). That hard-shell turtles are 
reported as dead on the French coast, where temperatures rarely fall below the critical thermal 
threshold for induced floatation indicates that death in this region is the result of a combination of 
factors, including nutritional status, disease state and anthropogenic influence (e.g. incidental capture in 
fisheries) and is not solely a response to water temperature. In contrast, leatherback turtles appear to 
be most abundant during the summer and autumn when gelatinous prey is plentiful; this pattern most 
likely indicates active habitat selection by these large, endothermic marine turtles (Davenport 1998; 
Witt et al. 2007a).  
 
Analysis of size class distribution of loggerhead and Kemp’s ridley turtles demonstrates several 
interesting features. The modal size for Kemp’s ridley turtles was slightly larger than loggerheads. This 
may indicate the longer transit time that this species typically undergoes prior to reaching the European 
continental shelf. The presence of some loggerhead turtle records with SCLs greater than the core 
distribution is suggestive of behavioural plasticity. Individuals might exert some choice on when they 
depart and/or return to oceanic habitats. The return to oceanic habitats by juvenile loggerhead turtles of 
neritic size has been recorded by satellite telemetry in the northwest and northeast Atlantic (Hawkes et 
al. 2006; McClellan and Read 2007). These larger individuals may also represent juvenile turtles that have 
been entrained into mesoscale features of the North Atlantic gyre and experienced extended transit 
times. Alternatively, these larger turtles may originate from the West African coast and are nearing the 
end of their juvenile oceanic phase, have already completed a circuit of the gyre or are carrying out 
adult pelagic behaviour (Hawkes et al. 2006). It is, however, evident from the data that the majority of 
individuals recorded in European continental waters are ‘first-passage’ turtles, having dispersed from 
nesting beaches in the Americas and the Gulf of Mexico (Ehrhart et al. 2003) and the Caribbean (Bell et 
al. 2007). Morphometric relationships of SCL versus weight obtained from northwest Atlantic 
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populations highlighted that some loggerheads in the northeast Atlantic were underweight for their 
length when compared to individuals in the neritic juvenile phase. This is likely to reflect the nutritional 
status of these juvenile turtles in temperate waters, experiencing conditions that induce lethargy and 
subsequent reduced feeding. In contrast, Kemp’s ridley turtles appeared to conform well to the 
comparative morphometric relationship. Green and hawksbill turtles were conspicuous by their relative 
absence from the public recording schemes, especially given that both species are more abundant than 
Kemp’s ridley turtles. Similarly to loggerhead and Kemp’s ridley turtles, green and hawksbill turtles are 
thought to recruit to the open ocean as hatchlings and have been previously recorded in such habitats 
(Carr 1987). For hawksbill turtles, oceanic residency is considered to be shorter than loggerhead turtles. 
Juvenile hawksbill turtles generally appear in neritic environments at sizes over 20 cm SCL (Márquez 
1990), and this recruitment is thought to occur between the ages of 1 and 3 years (Musick and Limpus 
1997). Their relative absence from northeast Atlantic records might suggest inter-species variability in 
dispersal mechanisms that leads this species to occupy ocean current systems of the Caribbean, Gulf of 
Mexico or Sargasso Sea rather than entrainment in currents that lead to the outer reaches of the North 
Atlantic gyre. Alternatively, the relative absence of hawksbill and green turtles from the European 
continental shelf may be artefact of a greater physiological intolerance to cooling. Should these species 
reach their critical thermal threshold at temperatures higher then either loggerheads and Kemp’s ridley 
turtles it would place them at risk of death in more distant waters, reducing their chance of reaching 
European shores.  
 
There are numerous caveats to be considered before interpreting data from public recordings schemes; 
however, with careful interpretation, valuable patterns of distribution can be gathered. Over longer 
timescales, data gathered at the periphery of the range distribution for hard-shell turtle species may 
allow for a broader assessment of the impacts of global climate change on species range extension. 
Analysis of sightings and strandings data would appear to provide early warning signals of population 
declines and subsequent recoveries. With more extensive effort-corrected surveys of European 
continental shelf, integrated with surveying for other marine mega fauna, it may be possible to provide 
robust data on changing abundance and distribution of juvenile turtles. These surveys may help to 
forewarn conservation managers of the current status of juvenile turtle cohorts in their passage through 
North Atlantic waters. 
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Figure 1. Temporal incidence of records of loggerhead, Kemp’s ridley and leatherback turtles. Decadal 
distribution in the British Isles, 1910–2003: (a) loggerhead turtles n = 123, (b) Kemp’s ridley turtles n = 
28 and (c) leatherback turtles n = 650. Annual distribution in the British Isles (filled bars) and France 
(open bars) 1990–2003: (d) loggerhead turtles. British Isles n = 74 turtles and France n = 194. (e) 
Kemp’s ridley turtles. British Isles n = 6 and France n = 16. (f) leatherback turtles. British Isles n = 398 
and France n = 1018. 
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Figure 2. Latitudinal distribution of sightings and strandings records for (a) loggerhead turtles and (b) 
Kemp’s ridley turtles. Pie chart size is proportional to the total number of records in each 1° latitudinal 
band. Number beside pie chart is the total number of records for that latitude. Filled and open sectors 
represent proportion of turtles recorded dead/alive respectively. Records for the British Isles (1910–
2003, filled triangles) and records for the French Atlantic coast (1990–2003 filled circles), 
(a) 
(b) 
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Figure 3. Cumulative monthly frequency of sightings and stranding records, dead turtles (filled bars) and 
living turtles (open bars). British Isles 1910–2003: (a) loggerhead turtles, dead n = 35 and alive n = 81. (c) 
Kemp’s ridley turtles, dead n = 10 and alive n = 13. (e) leatherback turtles, dead n = 148 and alive n = 
414. France 1990–2003: (b) loggerhead turtles, dead n = 46 and alive n = 148 (d) Kemp’s ridley turtles, 
dead n = 2 and alive n = 14. (f) leatherback turtles, dead n = 288 and alive n = 730. 
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Figure 4. Sea surface temperature (°C) for records of loggerhead and Kemp’s turtles in the British Isles 
(1910–2003) and France (1990–2003): (a) loggerhead turtles alive (open bar, n = 208) and dead (filled 
bar, n = 77), and (b) Kemp’s ridley turtles, alive (open bar, n = 27) and dead (filled bar, n = 10). Vertical 
dashed line indicates the temperature at which forced surfacing and floatation has been observed in each 
species (Schwartz 1978). Mean (±SD) monthly sea surface temperature profile from Hadley ISST dataset: 
(c) Britain Isles, 1910–2003, 49°N–60°N, 12°W–5°E and (d) France, 1990–2003, 43°N–49°N, 12°W–5°E. 
Horizontal dashed line is the thermal threshold reported to induce floatation (10°C Kemp’s ridley 
turtles, 9.5°C loggerhead turtles (Schwartz 1978)). 
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Figure 5. Straight carapace length (SCL, cm) distribution from loggerhead and Kemp’s ridley turtles.  
(a) loggerhead turtles in the British Isles (1910–2003, filled bar, n = 57) and France (1990–2003, open 
bar, n = 161), (b) Kemp’s ridley turtles in the Britain Isles (1910–2003, filled bar, n = 25) and France 
(1990–2003, open bar, n = 15). 
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Figure 6. Plot of straight carapace length (SCL) versus weight of (a) loggerhead turtles (dead, filled 
triangles n = 125; alive, empty circles n = 100) and (b) Kemp’s ridley turtles (dead, filled triangle n = 1; 
open circles n = 13). Continuous line is the SCL versus weight relationship (r2 = 0.9) derived from 375 
loggerhead turtles from northwest USA coast (SCL range 42.3–98.9 cm, Braun–McNeill and Avens, 
unpublished data). Dashed line is the SCL versus weight relationship (r2 = 0.98) derived from 377 
Kemp’s ridley turtles  caught at sea from southwest USA Atlantic (Coyne 2000) (SCL range 19.6–65.8 
cm). 
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Figure 7. Schematic of predominant ocean currents of the North Atlantic
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Abstract 
 
Conservation of marine ecosystems will require a holistic understanding of fisheries with concurrent 
temporally explicit patterns of biodiversity that may be at from their activities. Using data from the UK 
Government Vessel Monitoring System (VMS) deployed on UK-registered large fishing vessels we 
investigate patterns of fisheries activity on annual and seasonal scales. Analysis of VMS data shows that 
regions of the UK European continental shelf (i.e. Western Channel and Celtic Sea, Northern North Sea 
and the Goban Spur) receive consistently greater fisheries pressure than the rest of the UK continental 
shelf fishing zone. VMS provides a unique and independent method from which to derive patterns of 
spatially and temporally explicit fisheries activity. Such information may feed into ecosystem management 
plans seeking to achieve sustainable fisheries while minimising putative risk to non-target species (e.g. 
cetaceans, seabirds and elasmobranchs) and habitats of conservation concern. With multilateral 
collaboration VMS technologies may offer an important solution to quantifying and managing ecosystem 
disturbance particularly on the high-seas. 
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Introduction 
 
For global commercial fisheries to maintain a sustainable future (Pauly et al. 2002; Zeller and Pauly 2005) 
there is a need to develop and implement holistic ecosystem management plans that enable managed 
exploitation of fish stocks while mitigating against the increasing problems of bycatch (Hall et al. 2000; 
Lewison and Crowder 2003; Lewison et al. 2004a; Myers and Worm 2005; Votier et al. 2004). These 
goals are most likely to be achieved through the development of spatially explicit models on the 
distribution of fisheries activity, commercially desirable fish stocks and non-target species and habitats.  
 
Knowledge regarding the spatial ecology and at-sea distribution of non-target species of conservation 
concern (e.g. cetaceans, elasmobranchs, turtles and seabirds) is ever-growing from research effort using 
boat and aerial surveys (Hammond et al. 1995), an increasing array of electronic tagging and tracking 
methods (Croxall et al. 2005; Sims et al. 2003), molecular and other forensic techniques (Bearhop et al. 
2001; Bowen et al. 2005). In addition, approaches such as traditional capture-mark-recapture studies 
(Hunter et al. 2005) as well as analysis of strandings have been utilised (MacLeod et al. 2005). 
Furthermore, analyses of capture records from vessels carrying independent observers have both 
elucidated the ecology of the non-target species but also provided effort-corrected and temporally- and 
spatially-relevant insights into the magnitude of impacts of different gear types (Carranza et al. 2006; 
Northridge et al. 2006; Phillips et al. 2006). 
 
Creating a generalised, yet spatially and temporally explicit, understanding of fisheries effort with which 
to evaluate potential capture of target stocks and minimise putative risk to non-target species and 
habitats is however far from trivial. Information on the at-sea distribution and behaviour of fishing 
vessels may be obtained from routine and opportunistic surveillance by enforcement agencies using 
boats and planes, but these approaches lack spatial and/or temporal coverage. Catch-book data can be 
used but are subject to potential biases in reporting (Lewison et al. 2004a). Vessel Monitoring Systems 
(VMS) deployed by several Nations on large commercial fishing vessels (Molenarr and Tsamenyi 2000), 
could, however provide patterns of fisheries activity as they have good temporal and spatial coverage 
and importantly are catch-book and largely vessel-master independent.  
 
In the Europe Union, VMS operates on larger vessels of Member States fishing fleets (≥ 15 m overall 
length). Such vessels employ a range of fishing techniques to exploit benthic and pelagic fish species (e.g. 
dredging, beam trawling, pair-trawling, gill netting and longlining). These techniques have their respective 
degrees of selectivity for both their intended catch species but also non-target species and habitats. For 
example, small cetacean bycatch is commonly associated with bottom set gill-netting and pair trawling 
(Department for Environment Food and Rural Affairs 2004).  
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Here we investigate the utility of data from the UK government VMS to describe patterns of at-sea 
space use by large UK-registered fishing vessels. Such data may ultimately inform seascape scale 
conservation by feeding into marine spatial planning activities (Department for Environment Food and 
Rural Affairs 2005a) that should ensure sustainable persistence of commercial fisheries and effective 
mitigation of putative risk to species and habitats of conservation concern. 
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Methods 
 
Vessel Monitoring System 
 
The Vessel Monitoring System (VMS) is an automated method of recording the location of fishing vessels 
at sea. The system consists of a tamper-proof installation onboard fishing vessels registered in the UK 
and was introduced under European Commission legislation (EC 686/97). Each unit consists of a global 
positioning satellite (GPS) receiver; a satellite transmitter and a power backup lasting approximately 72 
hours (Department for Environment Food and Rural Affairs 2005c). From the year 2000, these units 
were mandatory for fishing vessels greater than 24 metres overall length, from 2004 they were 
mandatory for vessels greater than 18 metres length and from 2005 for vessels greater than 15 metres 
overall length. VMS units are required to report 99% of all locations accurate to within 500 metres 
(Department for Environment Food and Rural Affairs 2005b, c). VMS units operating in UK waters 
report location and ancillary data (i.e. speed and heading), via satellite communication, on a 2 hour duty 
cycle to the UK Fisheries Monitoring Centre (FMC). The FMC may request the location of a fishing 
vessel at any time from the VMS unit. VMS units can also be tasked to increase the reporting frequency 
within certain regions or within the waters of other EU Member States. 
 
 
VMS dataset 
 
VMS data were obtained from the UK Sea Fisheries Inspectorate (now the Marine Fisheries Agency) in 
2005. This dataset contained 5,788,188 records, representing ca. 0.5 Gb of data. Each record contained 
geographic coordinates (longitude and latitude) in decimal degrees (World Geodetic System 1984 
format) an accompanying time stamp in UTC and a vessel identification number. All received data were 
anonymous with respect to their vessel registration numbers, dimension and administrative ports. The 
mean number of VMS records per year (see Appendix 3a) was 840,182 ± 60,346 SD (range 756,863 to 
926,363). Filters were applied to the VMS dataset to remove: a) erroneous geographic records outside 
the range 90°S to 90°N, -180°W to 180°E, b) records outside the 5 year study period, set to be 01-01-
2000 to 31-12-2004, and c) records with elevations greater than 50 metres above sea-level as 
determined from the TerrainBase digital elevation model (National Geophysical Data Centre 2007). The 
number of vessel identification numbers appearing in the dataset declined annually (from 422 in 2000 to 
334 in 2004, see Appendix 3b); however, new identification numbers (mean 25 ± 5 SD) were introduced 
annually to the dataset during the study period. 
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Route reconstruction 
 
Fishing trips were reconstructed as follows: a 5 km buffer zone was constructed around the coastline of 
Europe. All records belonging to a vessel were assigned a logical flag (1 or 0) to indicate whether they 
were inside or outside this coastal buffer zone. The start and finish of a fishing trip was determined 
when a vessel moved out of and back into the zone with respect to time. Records occurring within the 
buffer zone were discarded. A speed filter was applied to remove improbable locations; this process 
removed locations necessitating travel speeds greater than 100 km hr-1 (~55 knots) between time 
adjacent locations. The filter was triggered on 1,015 trips and removed 6,891 records. Potential trips 
were discarded if they contained ≤ 3 VMS records, or were ≤ 6 hours in duration or had transmission 
breaks ≥ 5 days; removing 28,800; 12,121 and 168,549 records respectively. The resulting dataset 
represented 56,434 fishing trips (see Appendix 4). 
 
The modal frequency of record transmission was 2 hours (see Appendix 3c). To ensure temporal 
consistency among data, all trips were re-sampled where necessary to a 2 hour ± 15 minutes frequency 
using straight-line, speed-appropriate, principles. This process maximised the retention of transmitted 
records, only filling temporal gaps where necessary and resulted in a 14% reduction from pre-treated 
data, making available 3,635,855 data points. The mean net change in the number of data points 
following this temporal alignment process for each trip was -8.9; 28,320 trips experienced a net addition, 
receiving an average of 10 ±19 data points, 13,986 trips experienced a net reduction, losing an average 
of 56 ± 198 VMS records; 14,776 trips experienced no adjustment in their temporal frequency. 
 
 
Vessel behaviour 
 
A speed rule was used to distinguish fishing from steaming or near-stationery movement. The upper and 
lower speed thresholds for fisheries activity were influenced by the frequency distribution of vessel 
speeds (see Appendix 3d), and from (Deng et al. 2005; 2007; Murawski et al. 2005). As the UK VMS 
database retains incomplete data on vessel gear type and vessels can change their gear seasonally it was 
necessary for the speed rule to encompass many types of fisheries activities, for example beam trawling, 
gill netting and pelagic. The lack of metadata prevents VMS data from being partitioned into by gear type. 
Fishing activity was therefore assigned to all vessels travelling at speeds ≥ 3 and ≤ 10 km h-1 (~1.5 to 5.5 
knots). While this approach is a coarse manner in which to filter the data, the assigned limits 
circumscribes the speeds at which larger vessels move while undertaking fisheries activities. It was 
necessary to construct derived speeds for all VMS records as prior to 1-1-2006 transmission of speed 
and heading was not mandatory (Department for Environment Food and Rural Affairs 2005b). Derived 
speeds represented the speed of movement between time adjacent records within a fishing trip.  
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To ensure that derived speeds closely mirrored actual transit speeds we compared transmitted vessel 
speed (available for 40,681 fishing trips, equivalent to 3,126,213 VMS records) to derived speed. This 
process identified 78.9% of fishing trips yielded statistically significant positive correlations (Pearson 
correlation coefficient; P ≤ 0.05; mean r2 = 0.6 for all fishing trips). The speed filtering process assigned 
1,710,725 data points (47% of available data) as representing fishing activity (see Appendix 4). 
 
 
Mapping fisheries activity 
 
Fisheries activity was gridded at a spatial resolution of 9 km2 (3 km by 3 km pixel) by summing the 
number of data points coincident to each pixel over monthly and annual scales. 
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Results 
 
Mapping of VMS data highlights considerable heterogeneity in space use (Figure 1a). Regions of the UK 
continental shelf and the European continental shelf-edge (i.e. Western Channel and Celtic Sea, 
Northern North Sea and the Goban Spur) receive appreciable fisheries pressure. Shelf habitats (≥25 m 
and ≤150 m depth, 85% of the UK declared fishing zone), which appear from VMS mapping to represent 
important fishing grounds, received 64.1% of fisheries activity. Shelf-edge habitats (≥150 m and <250 m 
depth), that are not exclusively within the UK declared fishing zone; received 16.6% of fisheries activity. 
 
To validate the presented fishing patterns (Figure 1a) we mapped sea fisheries statistics for landings of 
pelagic and demersal fish (Figure 1b) by area of capture landed by UK registered vessels during 2004 
(presented in ICES statistical reporting boxes) (Marine Fisheries Agency 2005). When comparing these 
figures to the mean annual pattern of fisheries activity (Figure 1a) we see there is a statistically significant 
correlation (Spearman rank order correlation r2 = 0.6, P < 0.05) between the levels of fishing activity 
and declared fish landed. Also insightful is the general correlation of fisheries hotspots with the 
magnitude of the number of vessels registered in proximate harbours (represented by the filled circles); 
for example, Newlyn in the southwest and Peterhead and Northern Ireland in the northeast and 
northwest respectively (Figure 1b). 
 
It is highly likely that VMS data plots fishing activity with a much greater degree of precision than 
inferences that could be made from catch-book data. Is this high resolution picture predictable across 
years and across seasons as would be needed for efficient design of spatially explicit management?  
When we spatially map coefficient of variation (CV) among years (Figure 1c, annual mean maps in 
Appendix 5) and across months (Figure 1d, monthly mean maps in Appendix 6) it is clear that hotspots 
of fisheries activity are consistent through time.  
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Discussion 
 
VMS was initially conceived to assist in the monitoring and control of fisheries activities and was 
legislated prior to changes in EU common fisheries policy (Council of the European Union 2002), which 
emphasised a greater focus on understanding the effects of fishing at an ecosystem level. We show that 
VMS, while not bespoke designed to understand putative risk to marine ecosystems, can aid EU Member 
State’s obligations under the Common Fisheries Policy and Habitats Directive to manage ecosystem 
impacts of fisheries. VMS mapping generates a spatially and temporal explicit view of fisheries activity at 
a far greater resolution than catch-book statistics. VMS data have great potential to highlight areas 
where the success of ecosystem management plans may be investigated. 
 
The importance of the identified fisheries centre of activities (i.e. Western Channel and Celtic Sea, 
Northern North Sea and the Goban Spur) can be explained from biological and physical oceanographic 
perspectives. These are regions where seafloor topography, oceanographic currents, tidal movement of 
water, set up physical features that act to support upwelling, enhanced mixing, input of nutrient rich 
waters, or aid the development and maintenance of frontal systems (Huthnance et al. 2001; Le Fevre 
1986). These features support primary and secondary productivity, the resulting energy of which is 
transferred to higher trophic levels within regional food webs. Such factors highlight why fisheries and 
many marine megavertebrate species seeking prey occupy similar habitats. 
 
With the increased resolution of spatio-temporal patterns of fisheries a step improvement in knowledge 
of the spatial distribution of species and habitats of conservation concern is required. This requirement 
has been met, in part, by UK and EU funded research on small cetaceans (Hammond et al. 1995; Reid et 
al. 2003) and seabirds (Stone et al. 1995). There are however statistical problems preventing the data 
from such studies being used as a full correlative data layer to compare with patterns of fisheries activity 
(pers. comm. Simon Northridge – NERC Sea Mammal Research Unit, UK). More recently SCANS II, 
funded through the EU-LIFE program and participating EU Member states, has aided a more quantitative 
understanding of the spatial distribution and abundance of cetaceans (Hammond 2007). Seasonal 
patterns of distribution and abundance are however still lacking and given the seasonal nature of 
fisheries such information is required to gain a coherent and holistic understanding of putative risk. 
 
Although the VMS approach is a step forward in aiding the development of ecosystem management 
plans, there are a number of important caveats that must be considered in the interpretation of our 
findings, which suggest future directions for research. The fisheries activity maps are indicative of the 
spatial and temporal distribution of large UK-registered fishing vessels. The patterns are therefore 
biased towards more offshore fishing activity. In addition, we present data only from the UK-registered 
fleet and not from other EU Member States operating in UK waters. The lack of these data does not 
detract from the utility of VMS data in providing a spatially and temporally explicit understanding of 
fisheries activity. Their absence does however highlight the need for integration with VMS data from 
other Member State vessels operating in UK domestic waters.  
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A synoptic European view of fisheries activity will be essential for understanding the relationship 
between fisheries and migratory target and non-target species as they move seasonally between 
Member State waters. 
 
The absence of metadata in the UK VMS on vessel gear type required us to use assumptions on 
movement speeds that most likely characterise fishing behaviour across several fishing methods 
employed by larger fishing vessels. In using a narrow range of speeds we believe we have been 
parsimonious in our estimation of when a fishing vessel, using benthic or pelagic gears, might be engaged 
in fishing. The common factor that a fishing vessel travels at slower speeds during fishing, gear 
deployment and retrieval, be it benthic or pelagic gear, provides a characteristic, albeit coarse, signal 
upon which to partition data. Expanding and contracting the width of the speed filter has the effect of 
widening or constricting the observed spatial patterns; what remain consistent are the identified centres 
of fisheries activity. Identification of these areas, their spatial range and their seasonality of occurrence, 
provides important information for spatial management plans that could seek to manage fish stock 
extraction while mitigating risk to non-target species and habitats. 
 
Not all fisheries techniques pose the same degree of risk to species and habitats of conservation 
concern, yet the lack of metadata does not prevent a coarse spatial interpretation of the putative risk 
posed to these groups as gear types, with their associated risks, are commonly deployed in known 
depths of water over particular habitat types. Moreover species adopt fairly predictable habitat 
utilisation patterns. Equally physical habitats that represent areas of increased biodiversity can be 
mapped (Connor et al. 2006). In deeper off-shore waters, such as those of the continental shelf-break, 
fishing vessel activity most likely represents pelagic techniques such as mid-water trawling and purse-
seining. In shallower waters, fisheries activity will increasingly involve benthic techniques including 
bottom trawls and dredging. In the absence of robust metadata it may however be possible to use 
behavioural rules on turning angles, bathymetry in the area of operation and information on movement 
patterns to help assist in more accurately characterising and spatially placing fishing behaviour. The 
development and implementation of electronic logbook system for fisheries (Commission of the 
European Communities 2004; Gallaway et al. 2003) may make a substantial contribution in European 
waters; providing spatially explicit information on gear deployment, duration of fishing and capture of 
target and non-target species and subsequent discards. 
 
Recent work to describe trawl intensity received by the seabed (Deng et al. 2005; Mills et al. 2007) 
highlights additional uses of VMS for ecosystem management. Such approaches help describe the amount 
of disturbance an area receives. When integrated with knowledge of benthic habitat type (Connor et al. 
2006) and derived habitat sensitivity, VMS data might provide better ways to manage the seabed and the 
fish stocks they support. VMS may also have utility in assisting the designation and subsequent 
measurement of the effectiveness of Marine Protected Areas that function to conserve both target 
stock spawning biomass and non-target species and habitats. VMS could assist in optimally selecting such 
areas. 
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Notwithstanding the caveats, the simple and coherent patterns of habitat occupation by fishing vessels 
presented here suggest that fishing activity could be managed on a more finely resolved spatial and 
temporal basis. Furthermore, with multilateral collaboration VMS technologies may offer an important 
solution to quantifying and managing ecosystem disturbance particularly on the high-seas, which has 
become evermore important as fisheries move into deeper (Pauly et al. 2003) and more distant waters. 
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Figure 1. (a) Mean annual spatial distribution of 
fisheries activity derived from VMS records 
using a simple speed filter. The colour scale 
indicates the mean annual number of VMS 
derived data points within 9 km2 pixels, solid 
line circumscribes the UK declared fishing zone, 
broken line is 200 m depth contour. Regional 
labels: Western Channel (WA), Goban Spur 
(GS), Rockall (RK) and Northern North Sea 
(NI).  
 
(b) Tonnes of fish (demersal and pelagic) landed 
by UK registered vessels from the shown ICES 
statistical reporting boxes. Total number of 
vessels registered at main UK fishing ports 
greater than 17 metres in overall length (filled 
circles). All vessels for Northern Ireland have 
been mapped to Belfast.  
 
(c) Coefficient of variation of the mean annual 
distribution of fisheries activity, lighter colours 
indicate areas of greatest variability in space-use, 
darker areas indicate regions of consistent 
space-use on annual time-scales.  
 
(d) Coefficient of variation of the mean monthly 
distribution of fisheries activity, lighter colours 
indicate areas of greatest variability in space-use, 
darker areas indicate regions of consistent 
space-use on monthly time-scales. 
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Figure S1. (a) Number of VMS records (x104) per year, (b) number of vessel identification numbers 
active each year (filled bars) and cumulative increase in vessel identification numbers appearing each year 
in the VMS dataset (empty bars), (c) frequency histogram of time elapsed (hours) between transmission 
of time adjacent records for all vessels in the 5 year VMS dataset, (d) frequency histogram of transmitted 
and derived speeds (filled and empty bars respectively) for 3,126,042 VMS records, and (e) frequency 
histogram of transmitted and derived headings (filled and empty bars respectively) for 3,126,042 VMS 
derived data points. 
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Figure S2. Data handling/filtering process applied to the VMS dataset. 
Description / procedure Change 
Remaining 
data 
Vessels/ 
trips 
Dataset received from UK Sea Fisheries Inspectorate NA 5,788,188 691 vessels 
Records with anomalous geographic positions removed -257 5,787,931 691 vessels 
Records outside study period removed -184,675 5,603,256 626 vessels 
Records outside study region removed -288,500 5,314.756 618 vessels 
Records with inappropriate elevations, > 50 m, removed -86,260 5,228,496 616 vessels 
Records with erroneous headings, > 360°, removed -186 5,228,310 616 vessels 
Vessels contributing 10 or less records removed -97 5,228,213 542 vessels 
Time duplicated records removed -28,678 5,199,535 542 vessels 
Conversion of each vessel’s data to independent trips 
Removal of records within buffer zone  -767,381 4,432,154  
Removal of records with improbable derived speeds -6,891 4,425,263  
Removal of potential trips with ≤ 3 VMS records -28,800 4,384,342  
Removal of potential trips ≤ 6 hours in duration -12,121 4,394,528  
Removal of potential trips with transmission breaks > 5 days -168,549 4,225,979  
Trips passing rule based filtering  4,225,979 56,434 trips 
Temporal alignment of all fishing trips to 2 hour ± 15 minute frequency 
Number of data points following processing  3,635,855  
Data points with speeds < 3 km h-1  1,256,565  
Data points with speeds ≥ 3 & ≤ 10 km h-1 (fishing)  1,710,725  
Data points with speeds > 10 km h-1 (steaming)  668,565  
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Figure S3. Mean annual maps of fishing activity (vessels moving ≥ 3 and ≤ 10 km h-1) for the period 2000-
2004. Maps show the mean number of data points at each pixel, where darker colour indicates greater 
number of visits by vessels travelling at speeds most likely to indicate fisheries activity. 
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Figure S4. Mean monthly maps of fishing activity (vessels moving ≥ 3 and ≤ 10 km h-1) for the period 
2000-2004. Maps show the mean number of data points at each pixel, where darker colour indicates 
greater number of visits by vessels travelling at speeds most likely to indicate fisheries activity. 
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